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ABSTRACT 
A sequential extraction scheme was developed for the quantitation of extractable and bound pesticide 
residues in field and wetland soils. Extractable and bound fractions of pesticides in soil were 
measured in spiked field and wetland soils that were stored for periods of up to ninety days. 
Treatment conditions included microbiological control through the use of irradiated soil and biocide. 
Bound pesticide residue formation was also studied as affected by moisture level, dark and light 
storage, and concentration. The water column of wetland microcosms was dosed with pesticides to 
study sorption behavior of pesticides in intact wetland systems. Extractable pesticide degradation in 
soils could be described by first-order rate kinetics. Dissipation curves of extractable residues in soil 
exhibited biphasic kinetic behavior. Decay rates from zero to twenty days were greater than decay 
rates after twenty days with both rates being first-order. The faster decay rates prior to twenty days 
were due to the formation of bound pesticide residues. Bound pesticide formation was greater in 
soils exposed to light than samples stored in the dark. The effect of dark versus light storage 
increased as the storage time increased. Background levels of four herbicides in the field soil 
attested to the longevity of bound residues in field soil. Dissipation curves of pesticides in wetland 
microcosms exhibited biphasic dissipation curves with a fast initial phase. Bound pesticides in spiked 
wetland soils after ninety days of storage accounted for nearly all the pesticide present in the soil and 
represented a major fraction of the amount of initially added pesticide. The formation of bound 
pesticide residues occurs during the first few days of contact with the soil with a substantial amount 
of instantaneous formation of bound residues. Current models of bound fraction formation largely 
assume a slow formation process limited by diffusive transport based on observations of the release 
of bound forms from soils and sediments. The instantaneous formation of bound residues in soil 
favors a model of energetically favorable entrapment of pesticides within voids and micropores 
arising within aromatic rich portions of the structure of aggregated humic acids.. A triangular model 
of pesticides in soil was developed between those pesticides in the aqueous soil solution phase, 
pesticides partitioned to the soil phase, and those pesticides in the bound fraction. Equations were 
developed that describe the concentration of bound pesticides in field and wetland soils upon initial 
soil contact and also the maximum concentrations of bound pesticides in the soil as a function of 
contact time. 
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REVIEW OF LITERATURE 
Introduction 
Pesticides from nonpoint agricultural sources transported to surface waters and groundwaters 
result in water quality degradation, human health concerns, and potential unknown and long-term 
impacts on ecological integrity. The first two of these concerns can be assessed and steps can be 
taken to minimize the impact of pesticide contamination on water quality and human health. 
However, our understanding of the ecological system will never, in the author's opinion, be sufficient 
to deal with all the permutations and impacts of pesticide use on the environment, and to maintain 
otherwise is sheer hubris on the part of us human beings. 
Among the commonly used herbicides, alachlor is an example of a compound of particular 
concern as it is classified as a probable human carcinogen and contamination of drinking water 
supplies with this herbicide may pose risks to human health from long-term chronic exposure. 
Several other widely used herbicides such as atrazine, cvanazine. metolachlor. and simazine are 
classified as possible human carcinogens and have prompted regulations that limit their 
concentrations in water to levels in the low part-per-biliion range. Because of these concerns, an 
understanding of the processes and mechanisms in soil-pesticide interactions is necessary to 
implement in-field and off-site practices that reduce and minimize the environmental impact of the 
use of pesticides in present day agriculture. The possible limitations of such practices must also be 
acknowledged as they may be no more than tweaks and adjustments to a system of industrial 
agriculture that is somewhat flawed as a system, and thus may not be sustainable over the long run. 
The first part of this literature review will examine reconnaissance studies that reveal the 
scope of the problem as far as contamination of groundwater and surface waters in the Midwest and 
delivery of pesticides to the Gulf of Mexico. In-field and off-site practices will be explored as 
methods of reducing pesticide impact to the environment, highlighting the potential of wetlands as 
sinks for agricultural chemicals. Pesticide fate in soil will be reviewed in terms of the processes of 
degradation and sorption. Sorption of pesticides to soil will be reviewed from several perspectives 
including distribution coefficients, isotherms, and several more complex models, which attempt to 
account for bound or slowly desorbing pesticide species in soil. These more complex models include 
intraparticle diffusion and intraorganic matter diffusion models, which will be outlined along with 
extensive literature regarding a distributed reactivity model. Modeling approaches will also be 
examined with other organic chemicals where a bound or slowly desorbing fraction is present. 
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Models have been explored and developed to explain the phenomena of a bound or slowly desorbing 
fraction with organic chemicals such as chlorinated alkanes (e.g. TCE), polychlorinated biphenyls 
(PCB's), and polyaromatic hydrocarbons (PAH's). The bioavailability of bound residues of 
hydrophobic organic compounds will be examined. Finally, the structure of humic acids and the 
consequences of structure to soil-pesticide interactions will be summarized. 
Scope of the Problem 
Pesticides in runoff water from agricultural activities in the Midwest are a continuing cause 
of concern for farmers, the agrochemical industry, environmental groups, regulatory agencies, and 
the public. Since 1964, agricultural pesticide use in the U.S. has more than doubled, primarily from 
the increased use of herbicides. According to the 1995 Iowa Pesticide Use Survey, (Hatzleret al„ 
1997), 99% of the acres planted to corn and soybeans in the Iowa were treated with herbicides and 
31% of the corn acres were treated with insecticides. Pesticide usage has been extensive in 
agriculture for more than 40 years, yet it has only been within the past 10-15 years that pesticides 
have been systematically monitored in surface waters and groundwater. These reconnaissance 
studies now report widespread low concentration pesticide contamination of surface waters and 
groundwater throughout the Midwest (Thurman et al. 1992. Lolpin et al. 1996. Kakhoff et al. 1998). 
Hailberg ( 1989) states that pesticides are leaching into groundwater far more commonly 
than the preconceptions of a decade earlier would have predicted, in a lengthy review of groundwater 
reconnaissance studies. The widespread low-level contamination of groundwater with herbicides was 
at first overlooked in some early reconnaissance studies. Hallberg notes that one of the first studies 
looking for pesticides in groundwater was focused on organochlorine insecticides, because of their 
environmental impact and recent cancellation, and missed the more significant finding that all the 
groundwater samples, in this study conducted in Iowa in 1975. contained detectable amounts of 
atrazine. Another early indication of groundwater contamination with agricultural chemicals 
occurred in 1979 when dibromochloropropane (DBCP, a fumigant) was discovered in groundwater in 
California, and aldicarb was found in groundwater on Long Island from farmer's use to control 
Colorado potato beetles. These findings led to monitoring efforts in other states, and DBCP was 
discovered in the groundwater from four additional states, and aldicarb was found in groundwater 
beneath potato growing regions of Wisconsin and Florida. Discovery of other pesticide 
contaminations of groundwater soon followed and by 1983 the U. S. Environmental Protection 
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Agency (EPA) called for an immediate suspension of the fumigant ethylene dibromide (EDB). This 
response followed the discovery of EDB in significant concentrations in the groundwater of four 
states. Hallberg further develops the history of pesticide contamination of groundwater by citing two 
reviews of reconnaissance studies in California over a short time period. The first review in 1984 by 
Cohen lists the finding of six pesticides in groundwater in California among the discovery of 
groundwater contamination by 12 pesticides in 18 states from routine agricultural practices. Point 
source contamination was not included in the review. Hallberg cites a review two years later in 1986 
by Holden that included both point and nonpoint sources of groundwater contamination in California. 
By this time about 50 different pesticides and related compounds had been discovered in groundwater 
in California, which was a significant increase over the six that had been found just two years earlier. 
Many of the common agrochemicals were detected in maximum concentrations from 20 to 200 ug/L 
in these groundwater samples. 
Hallberg summarizes results of field-plot experiments and newer water-supply monitoring 
studies. In these studies in the I980's. pesticides were found in shallow groundwater, tile line 
discharge (without surface intakes), and winter stream base-flow. He notes that researchers in Ohio 
found atrazine in surface waters throughout the entire year implying atrazine contamination of 
groundwater base flow. A similar phenomenon was noted in Ontario with atrazine and simazine 
residues being delivered to surface waters through groundwater baseflow. Controlled tile-drainage 
studies showed that atrazine could persist and leach into shallow groundwater a year or more after 
application. In these same studies, other herbicides and insecticides were noted in tile effluents 
including alachlor. carbofuran. dicamba. cyanazine. and metribuzin. although each of these 
compounds were detected for shorter time periods than atrazine. 
Several researchers noted the unexpected rapid delivery of herbicides from the soil surface 
to groundwater/tile drainage suggesting a preferential flow mechanism. For example, in the sandy 
soils of Georgia, EDB and aldicarb were found to move rapidly into groundwater, and more 
hydrophobic compounds such as atrazine and butylate were found at all soil depths. Hallberg cites 
pesticide-monitoring studies in Iowa tile drainage where 70% of the effluents contained detectable 
amounts of atrazine. In addition, cyanazine and alachlor were found in about 15% of the tile line 
effluents, and maximum concentrations of all three herbicides were in the range of 4-8 ug/L. 
Samples from monitoring wells and water-supply wells in central Nebraska collected in the 1980 s 
showed widespread low-level contamination of groundwater. The researchers could not detect 
microbial degradation of atrazine in groundwater and concluded that the groundwater system was in a 
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steady state, balanced by delivery of atrazine to the groundwater and dissipation/dispersion within the 
system. In addition, the patterns of atrazine stratification within the groundwater were changing with 
time with a downward migration of seasonal atrazine plumes. 
Water-supply monitoring studies in South Dakota discovered the presence of alachlor. 
atrazine, metribuzin, trifluralin, and 2,4-D in low frequency from 57 wells sampled on a monthly 
basis. The most frequent detection's of herbicides were in the months of June and July followed 
closely by detection's in the month of January, presumably due to snowmelt runoff. Detection's in 
these months accounted for 56% of the samples showing detectable pesticide residues. Monitoring 
efforts in other states in the 1980 s revealed some instances of low detection percentage, high 
concentration contamination of public and private drinking water supplies. In Massachusetts. 
dinoseb was found in only 7% of 341 wells, but the maximum concentration in contaminated wells 
was an order of magnitude over health guidelines. There was considerable detection of aldicarb as 
41% of the surveyed drinking water supplies showed detectable levels of this toxic, carbamate 
insecticide with maximum concentrations well over the health safety guidelines. Two fumigants. 1.2-
dichloropropane and EDB. were found in 16% and 34% of the wells, respectively, with maximum 
concentrations exceeding interim water quality guidelines by a factor of nearly one hundred. 
Water quality monitoring in Wisconsin led to the detection of 13 herbicides along with 4 
insecticides in a sampling of 1236 wells, with detection frequencies in the 2 to 25% range. Although 
the detection frequencies were mostly under 5% in this survey the maximum concentrations of some 
of the contaminants were well above "action" limits. Carbaryl and aldicarb concentrations in some 
samples exceeded newly established guidelines by about fifty fold. The maximum concentrations of 
detected herbicides were usually over 100 ppb. Thus alachlor (3000 ug/L), atrazine (1500 ug/L). 
cyanazine (130 ug/L), DCPA (760 ug/L), dicamba (320 ug/L), dinoseb (2100 ug/L). metolachlor (440 
ug/L), metribuzin (940 ug/L), and simazine (100 ug/L) were detected in some wells in concentrations 
that were several orders of magnitude over action limits. 
Ontario initiated a groundwater monitoring study after animal studies showed alachlor to be 
carcinogenic. The first survey in 1985 sampled 351 private supply wells in hydrogeologicaiy 
susceptible areas. About half the wells contained contamination mostly as atrazine and its desethyl 
metabolite, followed by less frequent detection's of alachlor and metolachlor. A follow-up study that 
used site-selection criteria that avoided sampling from wells with well construction/well placement 
problems produced results very similar to the results from the first study, with about 50% of the wells 
showing contamination mostly with atrazine. Although fewer pesticides were detected and at 
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generally lower concentrations Hallberg (1989) notes that the authors of these reports came to the 
conclusion that "It appears that any well in any agricultural area, where pesticides are used, may 
become contaminated with pesticide residues." 
In the 1980's. state surveys in Minnesota were conducted to gain a better understanding of 
groundwater pollution by agricultural chemicals. Pesticide contamination was found in 39% of the 
725 wells that were sampled, which included private and public wells and monitoring wells placed 
into unconfined aquifers. Atrazine was by far the most frequently detected contaminant as it 
appeared in 37% of the samples and was detected in wells from 51 different counties throughout the 
state. Thirteen other herbicides, a wood preservative, and an insecticide were also discovered in 
samples from groundwater. Alachlor was the second most frequently detected herbicide at a 
frequency of 5.5%, followed by several other herbicides at about a 1% detection frequency. Median 
concentrations of almost all of the 13 herbicides were in the range of 0.2-0.5 ug/L. Pesticide 
detection frequency was found to be a function of the depth to bedrock within the sampling area. 
Iowa has an extensive history of pesticide monitoring as early studies began with surface 
waters in 1968. Surface water contamination during base-flow periods can be indicative of the 
condition of groundwater. During the period from 1975 to 1982. detection's of "modern" herbicides 
in surface waters increased in frequency and began to occur during winter base-flow periods. Flow-
weighted mean atrazine concentrations increased from 0.2 to 0.7 ug/L during the period of 1982 to 
1985, independently of the direction of changes in precipitation and water-flux patterns. The flow-
weighted mean concentration of atrazine then decreased to 0.3 ug/L in the years of 1986 and 1987 as 
dry conditions prevailed in the study area. From these and other data. Hallberg concluded that 
pesticides in groundwater were increasing in terms of time of persistence if not absolute 
concentration. Monitoring well studies of alluvial aquifers in Iowa reviewed by Hallberg revealed 
that in some settings nitrate was removed from groundwater through denitrification and yet pesticides 
remained at detectable levels. These studies also showed the significance of preferential flow as 
herbicides rapidly moved through finer textured soils (silt loam or silty clay loam) into coarse 
textured alluvial (sand/gravel) deposits. 
In 1981, monitoring of public water-supply wells was begun in Iowa to test for the presence 
of synthetic and volatile organic chemicals presumably from industrial point sources. Pesticides were 
not included in the monitoring efforts as the prevailing opinion was that pesticides would not be 
present in groundwater and so efforts spent in monitoring for pesticides would be a waste of time and 
resources. However, following the detection of pesticides in groundwater and water-supply wells in 
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Big Spring Basin in Northeast Iowa, state surveys in Iowa began to include pesticides in surveys of 
municipal water-supply systems. In 1984, 70 wells from 39 public water supplies were sampled for 
pesticides because of their proximity to possible point sources or susceptibility to contamination due 
to hydrogeological setting. Pesticides were detected in 57% of the wells, with atrazine being the most 
commonly detected compound among all the synthetic organic compounds in the survey. Only six 
pesticides were found as groundwater contaminants in this survey that monitored for 34 different 
agricultural chemicals. Other surveys in eastern Iowa during this time period also found pesticides, 
as a group, to be the most common contaminants, with 28% of the wells and 42% of the public water 
supplies showing detectable pesticides. A follow-up study a year later of ten wells from six public 
water supplies that were sampled on a quarterly basis found that eight of the ten wells and five of the 
six public water supplies had detectable pesticides. Maximum concentrations of atrazine and 
metolachlor in samples from these ten wells were 10 ug/L. Hallberg notes that a summary of these 
studies showed that over 25% of Iowa's population is served by groundwater supplies with low 
concentrations of pesticides, at least intermittently. After these results raised public concern, the Iowa 
legislature enacted legislation to require a one-time monitoring of public water supplies. A survey of 
853 public water supplies found 143% with detectable pesticide residues, with a total of nine 
different pesticides being detected. These results were skewed by those public water supplies that 
used surface water, as 61 % of these systems had drinking water with detectable pesticide residues. 
These surface water systems comprise only 5% of the public water supplies in Iowa. Of the systems 
with groundwater supply, those with wells less than 30 m deep had detectable pesticides in 16% of 
the cases while only 5.6% of the wells more than 30 m deep had detectable pesticide residues. 
A pesticide monitoring study was conducted in a two-county area in northern Iowa in the mid 
1980's. This area of the state was chosen for study because the area is underlain by carbonaceous, 
bedrock aquifers that are mostly continuous, and these aquifers provide most of the drinking water 
for the largely rural population. The surface geology and soils in this region afford different levels of 
protection against surface impacts on the aquifer. The bedrock aquifer is covered with various depths 
of glacial till forming an aquitard. The area was divided into four geologic regions to assess water 
quality impacts from surface agricultural activities. A deep bedrock aquifer was defined of consisting 
of >15 m of low permeability till or shale overlying the bedrock. A second geologic region consisted 
of areas with less than 15 m of overlying tilt and was named a "shallow bedrock aquifer". Another 
geologic setting contained "karst" areas with shallow bedrock development and had shallow 
sinkholes that may allow surface runoff waters to directly enter the bedrock aquifer system. The 
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fourth "very shallow bedrock aquifer" had incipient karst areas and very shallow, soil mantled 
depressions that allow increased infiltration through the soil. Water drawn from wells in the deep 
bedrock aquifer contained very little nitrate, and no pesticides were detected in water from this 
geologic setting. Wells from the three other geologic settings contained nitrate in considerable 
concentrations as well as increased frequencies of pesticide detection's. Moving from areas of 
shallow bedrock to very shallow bedrock to karst areas the frequency of pesticide detection increased 
from 67 to 71 to 83%, respectively. Atrazine was detected in 48% of the well water samples in this 
study with a mean concentration of 0 J ug/L and a maximum concentration of 1.6 ug/L. Metribuzin 
was detected in 17% of the samples and in considerably higher concentrations than atrazine at a mean 
of 1.6 ug/L and 4.4 ug/L maximum concentrations. Alachlor was detected in less than 10% of the 
samples in this study, but when detected the mean concentration was 9.4 ug/L with a maximum of 
16.6 ug/L. After these findings, a statistically designed, population based sampling of 10% of the 
groundwater well water supplies from these two counties was begun. Wells from 184 locations were 
sampled quarterly in 1986 and early 1987. The peak period of pesticide detection was in May when 
42% of the wells were contaminated with pesticides. A secondary peak of pesticide detection 
frequency occurred in late February and early March from snowmelt recharge. Peak concentrations 
of several herbicides occurred in this time period. Among these were atrazine at 21.1 ug/L. 
metolachlor at 12.2 ug/L. metribuzin at 6.8 ug/L and alachlor at 3.1 ug/L. All four of these herbicides 
were detected in all time periods with similar detection percentages as those outlined above. Mean 
nitrate concentrations in the four geologic regions increased progressively from 1.2 mg/L to 9.6 mg/L 
from regions of deep bedrock to karst, respectively. Pesticide detection's also increased in frequency 
from deep bedrock regions (40% of wells) through shallow bedrock (64% of wells) to very shallow 
bedrock (70% of wells) and finally to karst regions where pesticides were detected in 91% of the 
wells. The pesticide detection's in the deep bedrock aquifer in the expanded study were due to 
selection criteria for wells in the study. Wells in the initial study with zero pesticide detection's from 
the deep bedrock setting had to tap this deep layer, while in the expanded study any well design was 
accepted. Some of the wells in the expanded study were finished in shallow regions rather than deep 
bedrock. Additionally, some of these wells are located in regions with agricultural drainage wells 
that discharge surface and tile drainage to aquifer depths. 
Hallberg (1989), reports that surveys in the early to mid 1980 s of surface water used in 
public drinking water systems in the Midwest have also found frequent contamination by pesticides. 
Alachlor, atrazine, cyanazine, and metribuzin were found in considerable frequency (42-100%) in 
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surface water samples in Illinois, Iowa, Ontario, and Kansas. Maximum concentrations of atrazine 
and cyanazine were in the 20-30 ug/L range in most of these regions. Alachlor and metolachlor 
concentrations were in the 8-15 ug/L range in the surface waters from most of these areas. 
More recent surveys of groundwater and surface water have added to an understanding of the 
degradation of water quality in the Midwest. Thurman et al. (1992) sampled rivers and streams at 
149 sites in 122 geologic basins in a ten-state area. The samples were assayed for eight herbicides as 
well as 2 metabolites of atrazine by immunoassay and confirmation by GC/MS. A spring-flush 
phenomenon was noted in that 55% of the sampled water basins exceeded the maximum contaminant 
level (MCL) for atrazine during the postplanting sampling of 1989. Indeed, atrazine was detected in 
98% of all samples collected during the postplanting period. The reconnaissance data during the 
postplanting period demonstrated that large concentrations of herbicides were transferred into surface 
water systems on a regional basis in response to late spring and early summer rainfall. The basins 
with surface water that exceeded the MCL for atrazine were also the basins heavily cropped to corn 
and soybeans in the states of Illinois. Indiana, Iowa. Ohio, and eastern Nebraska. Detection's of 
alachlor. desethylatrazine. simazine. cyanazine. metribuzin, and metolachlor ranged from 53 to 86% 
of the samples. Median atrazine concentrations in 132 samples taken in the postplanting period were 
3.8 ug/L. with a maximum of 108 ug/L. Median metolachlor. cyanazine. and alachlor concentrations 
in these samples were 1.30,0.97. and 0.92 ug/L. respectively, with maximum concentrations in the 
40-61 ug/L range. 
Storm runoff data in nine river basins indicated that there were large pulses of atrazine into 
the river systems with peak levels of 30-40 ug/L. with baseflow values of less than I ug/L during 
May and June. The detectable herbicides also persisted in surface waters as one or more herbicides 
were detected at most sampling sites during all three sampling periods. Atrazine was detected in 91 % 
of the samples in the preplanting period and in 76% of the harvest samples. Metolachlor. the second 
most frequently detected herbicide, occurred in 34% of the preplanting samples. 83% of the 
postplanting samples and in 44% of the harvest samples. Desethylatrazine (DBA) was also detected 
frequently in pre- and post-planting samples as well as those from harvest. An order of stability was 
hypothesized ofatrazine>DEA>metolach!or>alachlor>DIA>cyanazine. based on the frequency of 
detection. This order is mostly supported by reported soil half-lives in the literature, with the 
exception of alachlor and cyanazine. The authors note that cyanazine may be less stable in aquatic 
environments than in soil. The detection's of herbicides and herbicide metabolites in all sampling 
periods indicated the persistence of these compounds from year to year in soil and water. The 
9 
frequent detection's ofDEA in surface waters indicate the persistence and mobility of this metabolite 
and is also an indicator of groundwater recharge in streams and rivers. 
Thurman et al. (1992) discusses the significance of the desethylatrazine to atrazine ratio 
(DAR) as an indicator of the water source in terms of both subsurface waters and surface runoff. 
DAR ratios in the unsaturated zone are generally greater than I. while this ratio is much less than I in 
water from field surface runoff. In addition, desisopropylatrazine (DIA) is rapidly degraded in the 
unsaturated zone but is an important metabolite in surface runoff. Thus, the DAR may be an 
indicator of groundwater recharge by waters laden with a high ratio of DEA to the parent atrazine due 
to transformation on passage from the soil surface downward to alluvial groundwater. In this study, 
the DAR of samples from stream basins changed from 0.3 at preplanting to less than 0.1 at 
postplanting and then increased to 0.4 at the harvest-sampling period. The decrease in the DAR in 
streams at the postplanting period was due to an influx of surface runoff that contained a low ratio of 
DEA metabolite despite increased frequency of detection and concentration during this time period. 
The increase in DAR and absence of DIA by the harvest-sampling period was taken as an indication 
that alluvial groundwater was providing stream base flow, and that this recharge contained an 
increased ratio ofDEA metabolite. Samples from the preplant time period had a DAR of 0.3 but also 
contained a substantial number of detection's of DIA. These results suggested that stream flow at 
this time period was a combination of surface runoff (the source of the DIA) and groundwater 
recharge (the high DAR). The surface runoff was likely from recent spring melting of snow and ice. 
Samples from the postplanting period were laden with parent atrazine but also contained the highest 
frequency (54%) of DIA and both of these were indicators of surface runoff from fields with recently 
applied herbicide. The "spring flush" of herbicides into streams and rivers from field surface runoff 
may also contribute significant contamination to alluvial groundwater during the postplanting period 
as the water flux is in the direction from contaminated high stage streams to groundwater. 
Kolpin et ai. (1996) studied groundwater contamination by pesticides in the Midwest 
through a reconnaissance network of 303 wells across 12 states in the years 1991-1994. The network 
of reconnaissance wells was established in near-surface aquifers that were defined as having aquifer 
material within 15 m of the surface. Most of the water samples were taken in 1991 when the most 
wells were sampled twice. Samples taken in the 1993 and 1994 were from wells that had been 
recently completed in unconsolidated aquifers. A total of 837 samples were taken and analyzed by 
GC/MS for eleven herbicides and two atrazine metabolites. Additional analytes included 
chlorophenoxy acid herbicides, a sulfonic acid metabolite of alachlor (alachlor-ESA), and cyanazine 
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amide. Results of analysis of the water samples indicated that five of the six most frequently detected 
compounds were herbicide metabolites rather than parent compounds. The alachlor-ESA metabolite 
was detected in near-surface aquifers almost ten times more frequently than the parent alachlor. and 
the metabolite occurred at much higher concentrations. Indeed, alachlor-ESA was the most 
frequently encountered compound as it was detectable in 54% of the samples with a maximum 
concentration of 8.6 ug/L. The parent alachlor was detected only on a scattered basis throughout the 
Midwest as it was detected in only 3.3% of the samples. Atrazine accounted for only about half of 
the total atrazine residues in these samples as DEA was detected in about the same frequency (23%) 
as the parent atrazine. and DIA was also detected in a significant percentage ( 10%) of the samples. 
The maximum concentrations of atrazine and DEA encountered in these samples from near-surface 
aquifers were slightly more than 2 ug/L for both species. While these concentration levels did not 
exceed the MCL of 3 ug/L for atrazine, in some samples the total atrazine residues (atrazine +DEA -
DIA) were about 50% above the MCL for atrazine at around 4.4 ug/L. Atrazine and its metabolites 
were encountered more frequently in the western com belt states of Illinois. Iowa, and eastern 
Nebraska. Besides atrazine and alachlor. two other parent herbicides were detected in these water 
samples namely simazine and cyanazine. A cyanazine metabolite, cyanazine amide, was detected 
slightly more frequently than DIA and much more frequently than the parent cyanazine. A statistical 
analysis also indicated that a portion of the DIA in the aquifers arose from transformation from 
cyanazine rather than exclusively from atrazine degradation. 
A dacthai metabolite. DCPA acid, was encountered frequently (16%). mostly in samples 
from Nebraska and Iowa. Only a limited number of samples (45) from selected locations were 
assayed for the DCPA metabolite. This metabolite was also the most frequently encountered 
compound in the EPA National Pesticide Survey with 6.4% of the public water supply and 2.5% of 
rural domestic wells being contaminated with this dacthai metabolite. Most of the detection's of this 
metabolite were from urban residential use rather than agricultural use that is not extensive in the 
Midwest. DDE, a toxic DDT metabolite, was also detected in slightly more than 6% of the aquifer 
water samples indicating the persistence of the parent compound in the environment decades after its 
last use. Most of the detection's of DDE were in irrigated regions of Nebraska with sandy type soils 
where increased water movement through the unsaturated zone was possible. This study showed the 
importance of the measurement of pesticide metabolites in making assessments of water quality and 
of the environmental fate of pesticides. 
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Kalkhoff et al. (1998) followed the finding of extensive groundwater contamination in the 
Midwest by alachlor-ESA with a study of chloroacetanilide herbicide metabolites in the surface 
waters and groundwater of Iowa. Thus, samples from 88 municipal wells collected during the 
summer of 1996 and monthly stream samples from 12 stream sites were collected and assayed for 
parent herbicides and metabolites. The frequency of detection of parents and metabolites was 
comparable only with a common analytical reporting limit for all compounds. Thus, the detection 
limits of the parent herbicides had to be adjusted upward by fourfold to 0.2 ug/L in order to make 
meaningful comparisons. Chloroacetanilide herbicide metabolites were detected in over 75% of the 
municipal wells that were sampled during the summer of 1996. Concentrations of the metabolites 
were also significantly higher than the parent herbicides with about 90% of the total residues from 
most samples being from metabolites. The median value of the summed concentrations of the six 
metabolites was 1.2 ug/L while that of alachlor, acetochlor. and metolachlor was less than 0.05 ug/L. 
Based on the frequency of detection, the ESA metabolites were the most mobile and persistent of the 
chemicals examined followed by the oxanilic acid metabolites with the parent compounds being the 
least mobile and persistent. Metalochlor and its two metabolites were encountered more frequently 
than alachlor and its constituents while acetochlor and its metabolites were found much less 
frequently in samples from municipal wells. 
Water samples from surface water streams in eastern Iowa showed contamination by the 
chloroacetanilide herbicides and their metabolites. One or more of the metabolites were present in 
every sample, which means that chloroacetanilide metabolites are entering surface water on a 
continual basis as the streams in this study were sampled for nearly a year on a monthly basis. 
Metalochlor-ESA, alachlor-ESA and metolachlor-OA were present in 100.98. and 88% of the 
surface water samples, respectively while metolachlor was found in nearly 40% of the surface water 
samples. The median value of the summed concentrations of the parent herbicides in the surface 
water samples was 0.13 ug/L, while the median of the summed concentrations of the metabolites was 
much greater at 6.4 ug/L. This study again revealed the importance of measuring metabolites in any 
program that seeks to assess water quality. It also demonstrated that chloroacetanilide herbicide 
metabolites, which had only been recently documented, are present in measurable concentrations in 
groundwater and surface waters in Iowa. The authors' note that it is unclear what effects chronic 
exposure to herbicides and their metabolites might have on human health and the health of the 
ecosystem. 
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Jayachandran et al. (1994) investigated the occurrence of atrazine and its degradates in 
subsurface drainage and shallow groundwater after application of atrazine to continuous corn plots. 
The authors note that 40-50% of the domestic drinking water is derived from groundwater and that 
contamination of these waters with pesticides may represent a human health concern. Three no-till 
corn plots with tile drains and suction lysimeters were used in this investigation. Concentrations of 
atrazine in tile drainage were generally in the range of 2-4 ug/L for a two-month time period starting 
with the first samples taken 40 days after planting. The maximum concentration of atrazine in one 
plot reached 5 ug/L following several rainfall events. DEA levels in the tile drainage were about half 
that of atrazine at a range at 0.8-2.0 ug/L. A maximum DEA concentration was reached 105 days 
after planting at 3.2 ug/L. DIA levels in the tile drainage were somewhat lower compared to DEA as 
this metabolite reached levels of only 0.3-0.8 ug/L. In the second year of this study, no spring 
application of atrazine occurred and the levels in tile drainage fell about four-told to 0.5-1.0 ug/L. 
One plot that received an atrazine application in early November had significant atrazine levels in the 
tile drainage at 6-8 ug/L for a 30 day time period following planting the next spring. This occurrence 
was ascribed to preferential flow from the surface to lower soil levels. DEA levels in the second year 
of the study were comparable to those from the first year and were in the range of 1-3 ug/L for the 30 
day time period after planting and were increasing with time during the 30-day monitoring period. 
DIA levels in the plots in the second year of the study were similar to those from the first year with 
concentrations of 1-2 ug/L in two of the three plots, and DIA also exhibited rising concentrations 
with time throughout the monitoring period. The total atrazine load in the tile drainage from these 
plots exceeded the atrazine MCL (3 ug/L) during the entire monitoring period in all three of the plots 
from the first year of the study and in two of the three plots from the second year of the study. 
Clark et al. (1999) monitored herbicides in rivers throughout the Mississippi River Basin to 
assess the source and load of herbicides to the Gulf of Mexico during the time period of 1991-1997. 
These authors note that about 500,000 metric tons of pesticides are used in the United States on an 
annual basis with about three-fourths of this amount being used in agriculture. About two-thirds of 
the agricultural use of pesticides occurs in the corn and soybean belt of the Mississippi River Basin. 
Clark et al. also notes the phenomena of a "spring flush™ of herbicides to streams in the Midwest 
following application to farmland and that concentrations can reach as high as 50 ug/L following 
spring storms. Although such high concentrations are rarely encountered in the larger rivers in the 
Mississippi River Basin there is nevertheless a large cumulative load of herbicides delivered to the 
Gulf of Mexico. In this study, water samples were collected at several key points in the Mississippi 
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River Basin. These key points were situated before and after confluence of major river systems in the 
region. Thus samples were taken at Clinton, IA and at Herman, MO, which allowed assessment of 
the herbicide load in the upper Mississippi and Missouri Rivers. Water samples were also taken 
downstream on the Mississippi at Thebes, IL after confluence of the two rivers mentioned above, and 
on the Ohio River at Grand Chain, IL before it merges into the Mississippi River. The above sites 
were sampled only in 1996-97 while the site at Baton Rouge was sampled a total of 271 times in the 
time period from 1991-97. The water samples were extracted and assayed for twelve triazine and 
chloroacetaniiide herbicides along with four herbicide metabolites. Five compounds were detected in 
over 50% of the water samples; these were alachlor-ESA (97%), atrazine (97%), metolachlor (78%). 
desethylatrazine (61%), and cyanazine (51%). Total herbicide concentration in the samples from 
Baton Rouge showed a peak in the May to August time period of 6.5 ug/L to 9.5 ug/L in all but 1992 
when the peak concentration measured was only 3 ug/L. The peak concentrations were attenuated 
somewhat by the 76 reservoirs in the Mississippi River Basin. Some samples (-5%) exceeded the 
MCL (3.0 ug/L) for atrazine and the health advisory (HA) for cyanazine ( I ug/L). Alachlor and 
simazine concentrations did not exceed the MCL's for these two herbicides of 2 and 4 ug/L, 
respectively, and none of the average annual concentrations of the herbicides exceeded MCL's or 
HA s. The median alachlor-ESA concentration at 0.6 ug/L was the highest of all the compounds 
measured followed by atrazine. Alachlor-ESA also exhibited an extended temporal pattern as 
significant concentrations of this metabolite persisted in the Mississippi River at Baton Rouge during 
all sampling periods. The continued presence of alachlor-ESA in the river is evidence of 
groundwater recharge as the primary source of alachlor-ESA during base-flow conditions. 
The peak load of herbicides to the Gulf of Mexico occurred during the extremely wet year of 
1993. A total of 1920 tons of the assayed herbicides and metabolites flowed into the Gulf of Mexico 
which included 642 metric tons of atrazine as the major parent herbicide followed by alachlor-ESA 
(470 metric tons) as the second major constituent. Other herbicides delivered to the Gulf and their 
metric tonnages in 1993 were cyanazine (320), metolachlor (215), simazine (53). and alachlor (50). 
The largest monthly load of herbicides occurred in June of 1995 when 650 metric tons were flushed 
down the Mississippi. Atrazine was the largest contributor to the herbicide load going into the Gulf 
in every year of the study and it ranged from 217 tons in 1992 to 642 tons in 1993. The annual load 
of atrazine was calculated at 1.5% to 2.9% of annual use for every year except 1992. The annual load 
of cyanazine as a percentage of use was similar to that of atrazine. The chloroacetaniiide herbicides 
flushed down the Mississippi represented a smaller percentage of use as metolachlor load was usually 
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1% or less of annual usage and the annual load of alachlor was usually less than 0.2% of usage. 
These smaller loads as a percentage of use are probably due to the higher distribution coefficients of 
these two herbicides compared to atrazine and the shorter persistence and smaller half-lives which 
result in conversion of these herbicides to mobile sulfonic acid and oxanilic acid metabolites. 
Herbicide loads in the individual river basins were measured in 1996 and 1997. The 
herbicide load at Clinton, IA, which consisted of 15 tons each of atrazine and metolachlor, 
represented less than 10% of the load downstream at Thebes. IL. At this site, the herbicide load (468 
tons of atrazine, 217 tons of metolachlor, 109 tons of cyanazine) consists of contributions from the 
Missouri River (192 tons of atrazine, 79 tons of metolachlor) and from the upper Mississippi above 
the Clinton site as well as contributions from the Des Moines, the Iowa, and the Illinois Rivers. The 
sum of the loads from the upper Mississippi and the Missouri Rivers accounted for less than 50% of 
the herbicide load at the Thebes site implying major contributions from the Des Moines. Iowa, and 
Illinois Rivers. Earlier studies in 1991-92 showed a 20% load contribution by the Illinois River to the 
herbicide load downstream at the Thebes site. The Ohio River was a major contributor to the 
herbicide load in the Mississippi River in the years of 1996-97. Although the Ohio River Basin 
constitutes only about 20% of the area of the entire Mississippi Basin, in the years of 1996-97 more 
than 50% of the herbicide load and water discharge to the Gulf of Mexico originated in this river 
basin because of abnormally wet years in this region. Herbicide loads in the Ohio River before 
confluence with the Mississippi River in metric tons in the years 1996-97 were: atrazine (648 tons), 
metolachlor (249 tons), cyanazine (87 tons), simazine (66 tons), acetochlor (48 tons), and alachlor 
(16 tons). These herbicide loads in the Ohio River represented 58% of the load of atrazine after 
confluence of the Ohio and Mississippi Rivers. 53% of the metolachlor. 44% of the cyanazine. 84% 
of the simazine, 48% of the acetochlor, and 57% of the alachlor. In both these years the 
concentration of atrazine and metolachlor in the Ohio River exceeded 6 ug/L at the Grand Chain site. 
In earlier studies in 1991 -92. the load of herbicides from the Ohio River made only about a 20% 
contribution to the load in the Mississippi River, a figure more in line with the landmass of the 
region. The authors note that load estimate errors are possible for these up-river sites in the years of 
1996-97. as only one or two samples were taken per month per site. Thus, the load estimates were 
based on a limited number of samples that may not have given an accurate picture of the herbicide 
concentrations with time in the "spring flush" period. 
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Battagalin and Goolsby (1999) examined herbicide loads in midwestern rivers in an attempt 
to find out if changes in herbicide use were being reflected by lowered herbicide concentrations in 
surface waters of the Midwest. In this study, water samples were taken from 53 midwestern rivers 
during the first major runoff event following herbicide application in the years of 1989, 1990, 1994. 
and 1995. The water samples were extracted and assayed for the concentrations of 11 herbicides and 
two herbicide metabolites with the addition of analysis for alachlor-ESA and cyanazine amide in the 
samples from 1994 and 1995. Herbicide concentrations in 1989 and 1990 were compared to those 
from the 1994 and 1995 time frame to see if reductions in permitted application rates, shifts to new 
herbicides, and increased environmental awareness during this five year time period were being 
reflected by lowered herbicide loads in midwestern rivers. Some of the label changes in the years 
between 1989 and 1994 included a lowering of the permitted rate of atrazine application to corn and a 
b a n  o n  n o n c r o p  u s e s  o f  t h i s  h e r b i c i d e .  T h e  a v e r a g e  u s e  o f  a t r a z i n e  f e l l  f r o m  1 . 5  l b / a c r e  i n  1 9 8 5  t o  I . I  
lb/acre by 1993. In all four years, 100% of the post application samples contained atrazine and the 
median concentration fell from 9-11 ug/L in 1989-90 to a level of 4.0-5.5 ug/L in the 1994-95 time 
frame. Metolachlor was detected in 95-100% of the samples in the four years of the study, and its 
median concentration in the 53 rivers declined from 2.5-3.1 ug/L in 1989-90 to 1.7 ug/L in the later 
time period. Cyanazine detections increased from about 80% in the 1989-90 time frame to over 90% 
in both 1994 and 1995, yet the median concentration declined from 2.2-2.7 ug/L in 1989-90 to 1.2-
1.4 ug/L in the 1994-95 time period, despite 26% greater use of this herbicide in the latter time 
period. Desethylatrazine was detected in 96-100% of the samples in the four years of the study and 
median concentrations were in the range of0.75-0.87 ug/L except for 1995 when median DEA levels 
fell to 0.43 ug/L. Desisopropylatrazine was detected in from 70-96% of the samples during the four 
year time period with median concentrations in the range of 0.42-0.47 ug/L. Alachlor-ESA was only 
measured in 1994 and 1995 when all samples showed the presence of this mobile alachlor metabolite. 
Median concentrations of alachlor-ESA fell from 4.75 ug/L in 1994 to 1.55 ug/L in 1995. which was 
probably reflective of the 56% drop in usage of alachlor in the time period of this study. Median 
alachlor concentrations dropped from 1.90 ug/L in 1989 to 1.62 ug/L in 1990 and continued 
downward to 0.77 ug/L in 1994. with a further drop to 0.13 ug/L in 1995. 
Peak daily yields of the herbicides in the rivers were calculated by multiplying the herbicide 
concentrations with the daily mean streamflow and dividing by the drainage area. The intent of the 
post application runoff-event sampling was to capture the peak herbicide concentrations expected 
during the year at each site. The daily yields were assumed to be the peak values based on the 
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observation that peak concentrations of preemergent herbicides are seen soon after application with 
spring and early summer runoff event. Stream flow is also frequently at a maximum during these 
runoff events. Presumably, the daily yields of herbicides calculated from these samples could be 
reasonably expected to capture or approximate the peak daily yield for the year. Median peak daily 
yields for seven compounds were less in 1995 than in 1989, which included alachlor, atrazine. 
metribuzin, metolachlor, simazine, DEA, and DIA. Only acetochlor (not used in 1989), cyanazine. 
and propazine had higher daily yields in 1995 than in 1989. In order to gain a measure of any 
differences in herbicide concentrations and peak daily yields during the course of this study a paired 
difference test was used. An alternate hypothesis was tested that consisted of averaged 1989-90 
herbicide concentrations/streamflows/peak daily yields being greater than the 1994-95 values. 
For all the herbicides and herbicide degradation products, the median concentration 
differences, with the exception of prometon, were positive indicating that concentrations were larger 
in 1989-90 than in 1994-95. The concentration decreases for alachlor. atrazine. cyanazine. 
metribuzin, metolachlor, propazine, and simazine were all statistically significant (p < 0.05). The 
differences in median concentrations in the two time periods for prometon. desethylatrazine. and 
desisopropyiatrazine were not statistically significant. The differences in averaged stream How from 
the two time periods were not statistically significant indicating that annual variability had been 
somewhat accounted for. The median peak daily yield differences were all positive with the 
exception of prometon indicating larger daily yields in 1989-90 when compared to 1994-95. The 
decreases in estimated daily yields for alachlor. atrazine. cyanazine. metolachlor. metribuzin. 
propazine, simazine. and DEA were statistically significant (p < 0.05). The estimated daily yields for 
prometon and DIA were the only compounds without a statistically significant difference between the 
values in the two time periods. Some of the changes in herbicide concentrations and peak daily 
yields and changes in herbicide usage were not as expected. For instance, average atrazine usage was 
only 2% smaller in 1994-95 than in 1989-90, yet large decreases in median atrazine concentration 
and daily yield were observed. Metolachlor usage increased by 10% during the time frame of this 
study, yet large decreases in median metolachlor concentrations and daily yields were observed. 
Cyanazine use was 26% larger in 1994-95 when compared to the earlier period, but significant 
decreases in median cyanazine concentrations and daily yields occurred despite the increased usage. 
The authors attribute the decreased concentrations and daily yields to decreased per acre application 
rates, split applications, use of newer postemergence herbicides, postemergence application of 
traditionally preemergence herbicides, and better utilization of herbicide best management practices. 
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These authors also note the limitations of their study, and the conclusions reached, as only one 
sample per site per year was taken with the assumption that this was the peak concentration sample. 
Improved in-field management of agricultural chemicals has brought about considerable progress in 
lowering pesticide loadings to surface and groundwater's, but it is unlikely that these contamination 
problems can be solved by chemical management alone Baker et al. ( 1994. 1995). Further progress 
in reducing pesticide loadings from agricultural sources may require incorporation of off-site 
approaches into agricultural management practices. The creation of buffer strips and other off-site 
sinks for chemical contaminants near their origin offers the promise for minimizing surface and 
groundwater contamination. Numerous researchers such as Mitsch (1995), Raisin ( 1995) and 
Crumpton et al. (1995) have advocated and explored the construction or restoration of wetlands in 
agricultural watersheds specifically as sinks for agricultural chemical contaminants as one of the most 
promising strategies for reducing contamination of surface and groundwaters. 
Pesticide Degradation and Leaching 
The study of pesticide-soil interactions has focused on three different facets of their behavior, 
that is. degradation, formation of metabolites and bound residues and the mechanisms underlying 
bound pesticide formation. All these facets are linked to one another by the desire to understand the 
fate of pesticides in the environment. A number of studies have focused exclusively on the 
degradation of herbicides in soils and their impact on groundwater. Much attention has been given to 
the behavior of heavily used herbicides such as atrazine and metolachlor. Zheng et al. ( 1993) studied 
metolachlor dissipation and migration in soil columns from soils from the south of France. Half-lives 
of 31 to 54 days were found along with migration to depths of 20 cm two weeks after application of 
field dosages of metolachlor and timely additions of water as "irrigation." Sorption isotherms of 
metolachlor in this soil at three different depths were also studied. All isotherms were nonlinear with 
organic carbon adjusted distribution coefficients (KQC) in the range of 100 to 132 for the three 
different depths. These values were in agreement with values from other soils. 
Miller et al. (1997) followed the degradation of ^C-radiolabeled atrazine and metolachlor in 
loamy sand soils from four depths for 6 and 2 mon, respectively. The four depths were the upper 5 
cm of topsoil and soil from depths of 20-25,40-45, and 70-75 cm. Clay content increased from 6 to 
24% from the topsoil to the vadose zone soil at a depth of 70-75 cm, while organic carbon decreased 
from 1.0 to 0.4% for the same depths. Degradation of both herbicides was followed in triplicate in 
both sterile and nonsterile soils with sterilization being done by threefold autoclaving of the soil. 
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Sampling times for the soils (50 g) treated with atrazine were 0,2,4,6,9,13, 17, and 22 weeks 
while, the soils treated with metolachlor were sampled weekly. Herbicides and metabolites were 
extracted by shaking with methanol (250 ml), evaporation and counting of the extracted radioactivity. 
Mineralization of the herbicides was assayed by counting the radioactivity in CO: traps attached to 
the soil incubators. Metabolites were identified and quantitated by thin layer chromatography (TLC). 
Bound residues were quantitated by combustion of extracted soils and trapping of the radioactive 
CO: Mass balance for atrazine at all times and depths based on '^C in the extractable. bound and 
mineralized fractions averaged 96.2% of the applied radioactivity with a range from 91-101%. 
Binding of atrazine to the soil increased with time in both sterile and nonsterile soils at all four soil 
depths except the nonsterile topsoil. In this soil bound residues peaked at 60% of the applied 
radioactivity at 9 weeks and declined afterwards due to mineralization. The amount of bound 
herbicide increased as the organic matter content of the soil increased at all four depths. At the three 
lower depths, the bound herbicide residues were greater in nonsterile soils compared to sterile soils at 
all sampling periods. Bound residues in the sterile topsoil reached 66% of the applied radioactivity 
after 22 weeks, while bound residues in the vadose zone soil (70-75 cm) reached 22% of the total 
after 22 weeks of incubation. Extractable residues of atrazine declined to less than 5% of the applied 
radioactivity after 22 weeks of incubation in the topsoil, while in the soil from the lowest depth 
almost 80% of the applied radioactivity existed as unbound atrazine after 22 weeks. 
Hydroxyatrazine (HA) residues were detected in the top two soil layers in both sterile and nonsterile 
soils. This metabolite reached an average of 25% of the total applied radioactivity in the 20-25 cm 
soils and the sterile topsoil after 22 weeks of incubation. In the nonsterile topsoil. hydroxyatrazine. 
like atrazine. reached a peak after about 9 weeks and then declined upon further incubation of the 
soil. DEA and DIA were not detected in any of the soil extracts and HA was not detected in the soils 
from the two lowest depths. The authors note that others have found that organic matter is a catalyst 
for transformation of atrazine to HA and that the organic matter content at the lower soil depths was 
quite low. Even in nonsterile topsoil there was a six-week delay in mineralization of atrazine and its 
metabolites. In the nonsterile topsoil 36% of the applied radioactivity was recovered as I^CO; 
during the 22-week incubation. No radioactive CO, was recovered from any of the sterilized samples 
or from the soils from the two lower depths. The increased production of uCO; in nonsterile topsoil 
was accompanied by a decrease in bound residues indicating some degree of bioavailability of the 
bound fractions. Half-lives of atrazine in nonsterile soils increased from 3.6 weeks in the topsoil to 
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over 22 weeks in the soils from the vadose zone. Metolachlor was longer lived in these soils and had 
a half-life of 7.3 weeks in nonsterile topsoil. At time zero, over 93% of the metolachlor was 
recoverable from the soils at all depths and treatments. Bound residues of metolachlor were 
primarily formed only in the topsoil where about 30% became bound in a period of seven weeks. In 
the soil from lower depths bound metolachlor did not exceed 10% of the applied radioactivity in any 
of the samples during the 7-week incubation. Degradation of metolachlor only occurred in the 
nonsterile topsoil with the formation of two unidentified polar metabolites. After 7 weeks these 
metabolites made up 17% of the applied radioactivity in the topsoil samples. Only small quantities of 
radioactive CO, were produced in the nonsterile topsoil, and none was detected in sterile soil or soil 
from lower depths. Production of radioactive CO, would have required microbiological ring 
cleavage as the herbicide was labeled within the aniline ring. 
Keller and Weber (1995) studied the mobility and dissipation of atrazine. metolachlor. and 
primisulfuron in the same coastal plain soil as used in the previous paper. Radiolabeled herbicides 
were mixed with formulations of the herbicides and applied individually to field lysimeters at field 
application rates followed by weekly irrigation. The lysimeters consisted of 20 cm i. d. by 98 cm 
steel columns that were driven 96 cm into the soil. The lysimeters were irrigated weekly at 10-vear 
average rainfall rates. Duplicate columns were sampled at 0,30,90. 180. and 360 days after 
application. The soil columns were sectioned into twelve 8-cm sections and subsamples of each 
section were assayed for l4C by soil combustion/oxidation, trapping the CO, and scintillation counting 
of radioactivity. Subsamples of soil from the 0-8 cm topsoil layer were extracted by shaking with 
methanol to identify parent and metabolites of atrazine and metolachlor. Extraction of primisulfuron 
and metabolites was performed using acetonitrile instead of methanol. TLC was used to identify 
metabolites, which were quantitated, by zone scraping of the TLC plates and subsequent counting of 
radioactivity. All three herbicides rapidly dissipated in the first 30 days after application. Atrazine 
loss measured as loss of l4C totaled 57% of the applied radioactivity by the 30-day sampling date and 
reached 74% by 360 days. The loss during the first month was much larger than expected and 
occurred either through volatilization of surface-applied atrazine or mineralization to l4CO,. 
Overflow of the lysimeter was ruled out, as precipitation during the first month was less than 2 cm, 
which was the height of the steel cylinder above the soil in the lysimeter. Volatilization of atrazine 
from the soil surface was believed responsible for the larger than expected losses during the first 30 
days. At 30 days and irrigation with 13 cm of water, over 93% of the radioactivity was in the upper 
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16 cm of soil with only 0.5% below the 24 cm depth. By 90 days and application of an additional 33 
cm of water, about 83% of the radioactivity remained in the two upper sections of the lysimeter with 
7% below the 24 cm level. By 360 days, 77% of the radioactivity remained in the upper 16 cm of the 
soil. Extractable residues from the top 8 cm of soil included atrazine and four metabolites. At thirty 
days, atrazine accounted for 49% of the extractable residues in this layer with 16% being HA and 
15% being DEA and 8% as DIA. After thirty days, HA became the dominant extractable form of 
applied atrazine in the upper lysimeter section. Unextractable radioactivity accounted for the 
majority of the total radioactivity in the 0-8 cm soil layer at all sampling periods after the application 
of herbicide. Indeed, over 14% of the applied radioactivity at the time of application was in the form 
of bound or unextractable residues. The unextractable fraction increased with time to about 20% of 
the applied radioactivity in the 90, 180, and 360-day samples. At 90 days after application, 
unextractable residues in the top layer were 21% of the applied amount while only 2.0% of the 
applied radioactivity was extractable from this soil section with another 21% being in subsurface 
sections below the 8-cm depth. Metolachlor loss during the first 30 days of soil contact was also 
significant at 43% of the applied radioactivity. Like atrazine. metolachlor losses after 30 days were 
not statistically significant when compared to adjacent sampling dates. Again losses were attributed 
to volatilization from the soil surface. The authors cite studies showing large losses of alachlor from 
wet soil in a laboratory setting and the presence of atrazine, metolachlor. and alachlor in rainfall as 
evidence for volatilization. Metolachlor was more teachable than atrazine probably owing to its 15-
fold higher solubility in water. By 30 days, metolachlor had leached to 72 cm while atrazine had not 
migrated past 48 cm in this time period. The amount of radioactivity in sections below the 24-cm 
depth were about three times higher with metolachlor compared to atrazine. At 30 days about 86% of 
the remaining l4C was present in the top 24 cm of soil. By 90 days after application, this figure had 
decreased to 63% of the radioactivity in the upper three soil sections. Extracts of topsoil in the 
metolachlor treated lysimeters contained two polar metabolites but only in the 0- and 30-day soil 
samples. Metolachlor constituted about 90% of the extractable radioactivity at the 30-day time 
period. Unextractable residues in the 0-8 cm section increased from 8.5% at application to 25.9% 
after 30 days and then declined to 13.2% of the applied radioactivity after 360 days of incubation. 
The unextractable radioactivity, in the lysimeters treated with atrazine and metolachlor. is most likely 
in the form of both parent herbicide and metabolites. Primisulfuron loss from the lysimeters 
exceeded that of atrazine and metolachlor with 72% of the applied radioactivity being unaccounted 
for by 30 days after application to the soil. Volatilization did not seem a likely route of loss as 
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primisulfuron is 40,000 times less volatile than atrazine and reports of sulfonylurea volatilization do 
not exist in the literature. Loss of radioactivity in the first 30 days was attributed to hydrolysis of the 
labeled phenyl ring from the herbicide and microbial degradation to ^CO,. These two processes 
were supported by the acidic nature of the soil and the high temperature and moisture content of the 
soil during the first month following herbicide application. At 30 days following application. 93% of 
the remaining radioactivity was above the 24 cm level indicating that in this acidic soil primisulfuron 
was less leachable than both metolachlor and atrazine. Leachable metabolites of primisulfuron were 
thought to account for the small levels of radioactivity in soil sections below the 32-cm depth. 
Bound residues of primisulfuron were only a minor component in the topsoil as only 4% 
unextractable residues were found on the application date with residues increasing to 7-12% of the 
radioactivity in the topsoil thereafter. 
Topp et al. (1994) studied metolachlor and atrazine dissipation by three different methods in 
soils from near Ontario, Canada. Undisturbed cores, packed cores, and flasks were used to study 
degradation in a laboratory setting of three different soils over a period of 63 days. The soils ranged 
in clay content from 7 to 40% and in organic carbon from 12 to 1.9%. Soil cores were 20 cm i. d. x 
20 cm deep and were maintained at 28 ± 1.36 ± 1. and 39 ± I % volumetric water content for the 
sandy loam, loam and clay loam soils, respectively. Stable moisture content was maintained by 
placing the cores on a hanging water column (Haines) apparatus. After application of herbicides, the 
cores were sampled at 1.4, 11.21,31.42, 52, and 63 days. Water was applied at the rate of 0.5 cm 
per week to the core samples. Soils incubated in flasks consisted of 25 g of spiked air-dried topsoil 
(0-5 cm), which was subsequently mixed with an additional 75 g of air-dried soil following 
evaporation of the spike solvent. Soils were then wetted to 25% gravimetric water content and 
readjusted every 3 days by water addition. Samples were removed on the same time schedule as for 
the intact cores. Soils (10 g) were extracted with methanol (2 x 75 mL) and the extracts were 
analyzed by gas chromatography. Samples from cores treated with radioactive atrazine were 
analyzed by HPLC with both UV and radioactive detection. The half-lives of atrazine and 
metolachlor were indistinguishable in the intact cores and the flask incubations. Atrazine displayed 
the shortest half-life of 16 days in the clay loam soil, while metolachlor persisted the longest in this 
same soil with a half-life of about 65 days. In the loam soil atrazine persistence was about 31 days 
while the half-life of metolachlor was slightly longer at 36 days. Half-lives in the packed cores of the 
loam soil were about 20 days longer and differed significantly from the two other incubations. DEA 
accumulation was similar in the intact cores and the flask incubations in all three soils, but was 
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significantly slower in the packed cores of the loam soil. DEA accumulation was at least three-fold 
greater in the sandy loam soil compared to the two other soils and exceeded 9% of the applied 
atrazine after about 5 weeks. In the two other soils, the major extractable metabolite was HA. 
Combustion of extracted soil samples with trapping and measurement of radioactive CO, was used to 
quantify bound atrazine residues. After 63 days of incubation, the bound residues reached 45% of the 
initially applied atrazine in the loam soil and 60% in the sandy loam soil. Bound residue formation 
followed first-order kinetics in both of these soils. Supercritical fluid extraction (SFE) at 120°C with 
40% methanol as a modifier was able to recover about 80% of the radioactivity from the soils. In the 
sandy loam soil, SFE extraction recovered atrazine (58%), HA (30%). and 12% of an unidentified 
metabolite. Greater than 95% of the initially applied radioactivity was recovered at the end of the 
experiments from all treatments indicating that volatilization and mineralization did not contribute 
significantly to dissipation. Dissipation and formation of DEA was significantly different in the 
packed cores of the loam soil. The packed cores were considerably wetter at the same water tension 
compared to the intact cores despite similarities in bulk density. DEA formation through 
microbiological N-dealkylation may use enzymes that have a requirement for dioxygen gas. The 
longer half-lives and lower rate of formation of DEA in packed cores was attributed to a lack of air 
permeation caused by increased water content and lack of soil structure in the packed cores. 
Masse et al. (1994) examined the leaching of herbicides into groundwater in a three-year 
field study in two soil types. The two soil types consisted of a sandy soil of 85% sand with 4.32% 
organic matter, while a second field plot consisted of a loam soil with 20% clay and 3.61% organic 
matter. Field plots were 10 m wide and of a length of either 200 m (sand) or 350 m (loam) with eight 
plots per field. Sampling wells to 3-m depths were placed in the center of each plot that allowed 
sampling of the groundwater from the plots. In two of the three years, all corn plots were treated 
post-emergence with both atrazine and metolachlor at 2.35 kg/ha. Samples were taken on five 
sampling dates in each of the three years with the first date two weeks after application and extending 
at least 125 days after herbicide application. The sampling wells were emptied prior to sampling a 
fresh portion of groundwater on the sampling dates. One-liter samples were extracted with 
dichloromethane and analyzed by capillary gas chromatography with a nitrogen specific detector. 
Rainfall and water table depth were monitored in all three years. In the first two years of the study, 
precipitation was almost 100 mm below average, while in the third year it was 60 mm above average. 
The sand field contained an abrupt horizon at about 75-cm depth with a clay layer (>40% clay) below 
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the horizon. All wells in the loam field contained atrazine at an average of 0.8 ug/L prior to 
herbicide application in 1988, while atrazine was not detected in samples from the sand field plots. 
The presence of atrazine was attributed to residual atrazine from applications between 1983 and 1986 
in this field. DIA was detected in almost half the wells in the sand field before application of 
herbicides in 1988 with a peak value of 2.5 ug/L. This metabolite was again detected in groundwater 
from the sand field two weeks after application at 1.0 ug/L and was detected in groundwater on the 
last sampling date in late October in both fields at an average concentration of 3.0 ug/L. Only traces 
of atrazine were detected throughout 1988 in groundwater samples from the sand field. Atrazine 
levels in the loam field remained at I to 2 ug/L throughout 1988 with a peak level of 7.3 ug/L 
following precipitation of 35 mm. Some of these residues were attributed to preferential flow in the 
loam field, which had developed surface cracks prior to the rainfall event. Metolachlor was not 
detected in any of the sampling wells from either plot in 1988. DEA was detected at a level of 0.2 
ug/L in the last sample from the loam field in 1988. Prior to herbicide application in 1989. atrazine 
and DEA were detected in most wells in both the sand and loam fields. Average concentrations of 
atrazine and DEA were 0.6 ug/L in the loam field while in the sand field these two chemicals were 
present at 0.5 and 0.1 ug/L concentrations, respectively. Atrazine was detected in groundwater from 
both fields during the 1989 season and peaked in both fields three weeks after application following 
20 mm of rainfall. Peak levels of atrazine were 2.5 and 0.8 ug/L in the loam and sand field, 
respectively. Metolachlor was not detected in groundwater samples in 1989 and only traces of DIA 
were detected. DEA was always detected in groundwater from the loam field with amounts ranging 
up to 1.0 ug/L. By the next growing season (1990) atrazine. DEA. and DIA were present in fresh 
groundwater samples from both fields. DEA was present at about 0.5 ug/L in both fields, while 
atrazine in the sand averaged 2.1 ug/L and DIA in the loam field averaged 6.1 ug/L. Atrazine levels 
in the sand field remained below 1 ug/L for the remainder of the 1990 season. In the loam field, 
average atrazine levels exceeded 10 ug/L three weeks after application following rainfall of 81 mm in 
a 12-day period. During this period, the water table in the loam field rose by 30 cm while rising only 
4 cm in the sand field. DIA levels also peaked during this time at 10 ug/L in both fields and remained 
near this level for 20 days in the sand field while falling to 2 ug/L in the loam field. DEA and DIA 
concentrations remained at 1 to 4 ug/L in both fields during the last 70 days of the 1990 season. In 
1990 metolachlor appeared in the groundwater of both fields especially during the last two sampling 
periods where it exceeded 4 ug/L in both fields. Bowman (1990) used field lysimeters to study the 
mobility of herbicides and an organophosphate insecticide in two different types of soil. Cylindrical 
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lysimeters measuring 15 cm i. d. x 75 cm deep with effluent collection from the bottom were loaded 
with soil. Plainfield sand was loaded into the lysimeters in one batch to a depth of 70 cm while the 
silt loam was added in two sections consisting of 55 cm from the 15-100 cm horizon followed by 15 
cm of soil from the upper 15 cm of topsoil. The cores were watered for two weeks prior to pesticide 
application to insure packing uniformity. Half the cores received only rainfall while the other half 
only received supplemental water. After pesticide application the effluent from the cores was 
monitored and selected cores were sectioned at 1,2,4,8, 12, and 21 weeks. Cores were divided into 
7 equal sections, and soil from each section was extracted and analyzed for pesticides and metabolites 
by either HPLC or GC. Soils (100 g) were extracted twice with 90% aqueous methanol (80 ml) by 
heating to 45°C for 10 min followed by sanitation for 10 min and tumbling for 30 m in at 40°C. 
Alachlor and isazafos had short half-lives in both soil types of only 1.5 weeks, while metolachlor 
persisted for 3.5 weeks and the half-life of atrazine was 4.0 weeks. 
Models of Pesticide-Soil Interaction 
Pesticide-Soil Distribution Coefficients 
Fate, transport, and risk assessment models for pesticides in the environment all contain 
sorption terms for describing the distribution of pesticides between soil and water phases. At present, 
most of these fate and transport models base their results on partition interactions to describe 
pesticide distribution between the liquid aqueous phase and the solid soil, sediment, and/or soil 
organic matter phase. Mathematically, this partition is described with distribution coefficients such 
as Kj or K^. The distribution of a pesticide between soil and aqueous phases is expressed 
mathematically as: 
S  =  K y * C  ( I )  
where S = Concentration of the pesticide in the solid, soil phase, ug/g 
C = Concentration of the pesticide in the aqueous, water phase. ug/mL 
K,, = Distribution coefficient of the pesticide, mL/g 
This type of relationship assumes and accommodates only linear, equilibrium behavior between 
pesticides in the soil and water phases. Many such as Brown (1981), Farrell ( 1993). Hansch ( 1995). 
and Nendza (1998) have observed and established correlation's among the extent of distribution of 
organic pollutants, the organic carbon content of sorbents. and the hydrophobicity of solutes. These 
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observations and correlations are consistent with a partitioning process although cautions have been 
raised about making such an interpretation regarding mechanism (Weber et al. 1992 and Hansch 
1995). The soil distribution coefficient is usually normalized to the organic carbon content of the 
soil as detailed in Weber et al. (1992), Spurlock and Biggar (1994), and Hansch (1995). This 
normalization corrects and ties the soil distribution coefficient to the organic carbon content of the 
soil. This correction also allows application of distribution coefficients across different soils of 
widely varying properties (including organic carbon content). Instead of experimentally measuring 
the distribution coefficient in a specific soil the K*. value for a particular pesticide is appropriated 
from a different soil and the organic carbon content of the soil of interest is determined. This 
approach provides a fast and simple method for estimates of the distribution of a pesticide between 
soil and water phases in many types of soil. Mathematically, dividing the distribution coefficient Kd. 
by the organic carbon content of the soil, does this conversion and normalization. 
K= = KAc (2) 
The partition coefficient of the pesticide between n-octanol and water, Kow, is another distribution 
coefficient that is used in predicting the fate of pesticides. This coefficient has found wide 
application not only with pesticides but also in drug absorption, bioconcentration, drug design, 
enzyme-ligand binding, and environmental fate (Briggs. 1981 and Nendza 1998). The distribution of 
a substance between n-octanol and water is reported on a log scale (base 10) and can span a range 
from roughly -2 to 8 or ten orders of magnitude (Briggs 1981). Most non-ionazable pesticides fall 
into a log KOT range of from 2 to 5 (Briggs 1981). Weber et al. ( 1992) realizes the appeal of the 
partition model, for along with two readily obtainable parameters, namely. Kow and foC. one can 
obtain an estimate of the distribution of a pesticide between soil and water and its potential for 
leaching into groundwater or with surface runoff for all soil types. Empirical relationships expressing 
this relationship represent a quantitative structure activity relationship (QSAR) as in equation 3. 
log (KAJ = log = % log Ko„ + b (3) 
The parameters a and b are experimentally determined and some have related the magnitude of these 
two parameters to properties of the soil and particularly to properties of the soil organic matter 
(Farrell and Reinhard. 1993; Spurlock and Biggar, 1994: Xing et al. 1994. 1996. 1998). Usually, 
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relationships of the type in equation 3 have been developed for a specific class or classes of 
compounds such as polyaromatic hydrocarbons (PAH's) or substituted benzenes. Some examples of 
relationships of this type developed for soil and different classes of organic pollutants are shown in 
the Table I (Briggs ,1981). The conversion of distribution coefficients to Koc values is supposed to 
allow use of a single descriptor for the distribution of an applied pesticide in fate and transport 
models. One such model, GLEAMS. 
(http://www.nrcs.usda.gov/centers/itc/applications/wqmodels/gleams/), used for simulating 
groundwater pesticide losses incorporates the Agricultural Research Service (ARS) pesticide 
properties database (http://www.arsusda.gov/rsml/ppdb.html) into its simulations. 
Table I. Examples of QSAR's for estimating soil sorption by w-octanol/water partition. KqW. 
Chemical Class 
QSAR 
Model r 
Number of 
Compounds Range of log Knw 
Pesticides log = 0.52 log Km,+ 1.12 0.95 105 -0.6 - 7.4 
Pesticides logK« = 0.54 log Kow + 1.38 0.86 45 2 - 6  
Aromatic herbicides log KQC = 0.94 log K,„ - 0.01 0.97 19 -
Esters logK*. = 0.49 log KoW + 1.05 0.87 25 1 - 8  
Aromatics, PAH's logK. = 0.83 log K*. + 0.29 0.95 20 1 -6 
Phenols. Benzonitriles log Koc = 0.57 log K*, + 1.08 0.87 24 0.5 - 5.5 
Anilines 'Og Koc = 0.62 log Km, + 0.85 0.91 20 1 -5 
Dinitroanilines 'OgKoc = 0.38 log Km, + 1.92 0.91 20 0.5 - 5.5 
The ARS database contains such a wide range of values for Kj and even K*. that the choice 
of the distribution coefficient is subjective, yet the choice to a large extent determines the output of 
the simulations in terms of pesticide losses in both surface and groundwater. The range of values for 
Km, the normalized distribution coefficient in most cases is as large as the range of values for Kj. 
The range of values for Kj among soils for atrazine and metolachlor is usually about six-fold. 
Unfortunately, the range of K*. values for these same herbicides are at least a factor of 4 in this 
database. The pesticide properties database contains a suggested default value for K*.. however 
there is no explanation in the database describing the selection criteria for the default coefficient. 
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Some other typical values and ranges for K*, K*., and Kow from this database for some common 
herbicides that are used extensively in corn and other grains are shown in Table 2. More accurate 
values (http://www.daylight.com/, http://esc.syrres.com/-escl/kowint.htm) for the octanol/water 
partition coefficient that have not been incorporated into the database are shown in parenthesis. 
Assuming that the default values of in the ARS database are correct, these partition coefficients 
may only be valid for describing pesticide fate and transport for rainfall events within a few days of 
pesticide application. Sorption of pesticides into a "resistant" or more strongly bound fraction in soil 
may invalidate the present half-life and distribution coefficient databases as the measurement 
methods do not extract or measure pesticides in this resistant fraction. Operationally the "resistant" 
fraction is that portion of pesticides sorbed to soil that is not extractable by water or organic solvents 
at room temperature. 
Table 2. Distribution coefficients of some common pesticides from the ARS database 
Pesticide Kd, range K*. default & range Log K*. 
Alachlor (0.8-3.7) 124 (43-209) 2.90(3.52) 
Atrazine (0.7-2.5) 147(57-288) 2.68(2.61) 
Bensulfuron (1.4-14) 230 (209-576) 0.80 (2.40) 
Bromoxynil' 190 (one value) 5.06 
Carbofuran (0.3-1.25) 46(10-105) 1.41 (2.32) 
Chlorpyrifos 9930 (6100-14800) 5.00 
Cyanazine (0.5-2.53) 218(73-235) 2.10(2.22) 
2,4-02 (0.46-3.57) 201 (113-457) 5.00 
Fonofos 1920(532-5100) 3.90 
Glyphosate (33-324) 2100(500-2600) -1.60 
Imazethapyr 7 (one value) 1.50(1.32) 
Metolachlor (1.69-10.0) 70 (22-307) 2.60(3.13) 
Nicosulfuron (0.16-1.73) 30 (22-70) -1.70 
Trifluralin (18.6-155.6) 7200(1200-13700) 5.07 (5.34) 
'octonate ester :butoxyethylester 
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Pesticide-Soil Isotherms 
Besides the aforementioned distribution coefficients that accommodate linear equilibrium 
relationships within a hydrophobic partition model, pesticide behavior in soils is many times 
described by an isotherm. The two most common isotherm types that are used in pesticide sorption to 
soils are the Langmuir and Freundlich isotherms. These two types of isotherms can accommodate 
nonlinear sorption terms in contrast to the linear relationships that are assumed in a simple partition 
model (Weber et al., 1992). The Langmuir isotherm envisions an asymptotic approach to a maximum 
sorption capacity and models solute-sorbent interactions with an affinity constant. The mathematical 
form of the Langmuir isotherm is as follows in equation 4. 
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where S = Concentration of the pesticide in the solid, soil phase ug/g 
C = Concentration of the pesticide in the aqueous, water phase ug/ml 
Q = Maximum capacity of the sorbent for the solute 
b = Affinity coefficient between the solute and sorbent 
Both the partition model and the Langmuir isotherm are energetically straightforward. The partition 
model assumes linear free energy relationships while the Langmuir isotherm is predicated on a 
constant energy surface sorption model. In a medium as heterogeneous as soil neither type of model 
is expected to describe all or even most of the interactions between soil, water, and pesticides. A 
model that does not assume homogeneous site energies or limited levels of sorption better describes 
environmental fate data of agrochemicals. The Freundlich equation (Weber et al.. 1992) meets these 
two criteria and is often used to curve fit experimental data from measurements that span several 
orders of magnitude of aqueous pesticide concentrations. Mathematically, the Freundlich equation 
describing an isotherm is as follows: 
S = Kf * C" (5) 
where S = Concentration of the pesticide in the solid, soil phase ug/g 
C = Concentration of the pesticide in the aqueous, water phase ug/mL 
Kf = Distribution coefficient (Freundlich) of the pesticide mL'g 
n = Freundlich exponent 
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The two distribution coefficients, K^and Kf, are equivalent when n = 1. The Freundlich 
equation has found utility in describing pesticide interactions with soil as the exponential term in the 
equation can account for nonlinear behavior. Freundlich n values for many pesticides and other 
organic pollutants are almost always well below unity even for nonpolar organics where no specific 
interactions with soil organic matter are indicated. Deviations from unity in the n term of the 
Freundlich isotherm are usually interpreted as indicating nonlinear sorption of the pollutant to some 
component of the soil and to describe the diversity of site energies of a particular sorption process 
Weber et al. (1992), Xing et al. (1996). A value for n near I thus typifies linear sorption or partition 
and little distribution of the energetics of the sorption process. Values of n on the order of 0.5 signify 
a high degree of nonlinear sorption and a broad spectrum of sorption energetics between the solute 
and a heterogeneous type sorbent. Typical Kf values for atrazine and metolachlor in soils are in the 
range of 2 to 3 (K*. -100 and 150) with n values from 0.85 to 1 (35-37). With only a few exceptions, 
the values for Kf and n in the Freundlich equation have been determined from experiments conducted 
for one or two days. Experiments that have run as long as six months and longer have shown that the 
values for Kf and n are time dependent (Pignatello et al. 1991.1993.19%). In the long run 
experiments. K values have usually been 2-10 fold larger (but can range to 40 fold higher) than the 
values determined in the usual one or two-day isotherm experiment. The value of n decreases with 
time and can approach values of 0.65 or lower indicating more contribution of a nonlinear sorption 
term for pesticide interaction with soil as a function of time. Pignatello et al. ( 1996) examined the 
form and changes with time in a Freundlich isotherm for dichlorophenol. a 2.4-D metabolite. This 
isotherm from the above reference illustrates the changes in time of the isotherm for a fairly simple 
molecule. Both the 1- and 180-day isotherms exhibit non linearity with the nonlinearity increasing 
with time. The distribution coefficient increased by about 60% in 180 days compared to the 
coefficient at 1 day. Also, the isotherm illustrates that at low concentrations the differences in the 
distribution coefficient become more dramatic as the time scale increases. 
Kleineidam et al. (1999) studied the sorption of phenanthrene to different constituents of 
fluvial sediments that included sand and gravel sediments as well as sandstone and limestone rock 
fragments. Fluvial alpine sediments and river deposits were sieved into distinct size fractions and 
further separated into distinct lithocomponents (gravel, sand, limestone, sandstone, and rock 
fragments) by macroscopic characteristics. Physiochemical properties were determined and the 
sorption behavior studied after the sediment fractions were pulverized in a ball mill that reduced the 
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size of the material to <0.063 mm. The organic matter type and origin were determined by 
fluorescence microscopy as well as white light and UV illumination (petrography) of isolated organic 
matter. Sorption experiments with phenanthrene were performed over a range of concentrations and 
Freundlich isotherms were constructed as well as calculation of the carbon normalized distribution 
coefficient, K^. Distribution coefficients, Kd, were determined on heat-treated (550° C and 750" C) 
samples to determine the contributions of mineral surfaces and organic matter to the overall sorption. 
Very nonlinear isotherms were found in particulate samples consisting of dark limestone and dark 
sandstone with Freundlich n values of 0.38-0.50, which are some of the lowest reported in the 
literature. Higher n exponents (0.74-0.78) and very high values of were found in samples from 
the river alluvium that consisted of coal particles, lignite, or bituminous shale. Lithocomponents of 
sedimentary rock origin demonstrated medium values of with nonlinearity (n=0.58-0.70). 
Subsamples derived from igneous and metamorphic rock and quartz-dominated sandstones showed 
only minor sorption and almost linear sorption behavior. Values of the distribution coefficient 
normalized to the organic matter content, K*., varied by a factor of 590 among the samples showing 
that not all organic matter is created equal. Samples that were heat treated at 550" C had Ku values 
that were less than 5% of the values of the untreated samples showing the overwhelming contribution 
of organic matter to overall sorption even in samples with organic carbon of less than 0.2%. Sorption 
increased in samples that were heated to the higher temperature of 750" C probably due to the 
creation of reactive mineral surfaces. A plot of log versus the Freundlich exponent along with 
light microscopy allowed classification of the organic matter in the lithocomponents into four 
different origins. Samples with log K*. of less than 4.7 and n values of greater than 0.9 consisted of 
organic matter derived from humic substances and showed brown to yellow fluorescence. 
Lithocomponents with organic matter derived from wood tissue (no fluorescence) or from pollen, 
spores, cuticle, and/or algae (yellow, orange, green fluorescence) showed log K*. of 4.9-5.6 and n 
values of0.60-0.82. A third type of organic matter originated with autochthonous algae (yellow 
green fluorescence) or was amorphous organic matter derived from phytoplankton and/or bacteria 
(orange to brown fluorescence) and log of 5.6-6.1 with n values ranging from 0.55-0.75. The 
fourth type of organic matter with no fluorescence and with very high log K*. of 6.3-6.7 consisted of 
charcoal and coal particles and/or vitrinite and exhibited very low n values of0.38-0.50. These 
authors reported the highest values in the literature for sorption of phenanthrene and also the 
lowest n values. These extremes were attributed to organic matter consisting mainly of charcoal or 
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bituminous coal particles. Charcoal has been found to be a frequent component of ancient and 
modern sediments but is more common in fluvial, deltaic, and shelf sediments compared to marine 
environments. 
Kile et al. (1999) also investigated the relationship of structural properties of soil organic 
matter and sorption coefficients of nonpolar organic compounds. Nineteen soils and nine sediments 
from the United States and China were characterized by cross polarization magic angle spinning 
(CPMAS) 13C NMR and distribution coefficients (K^) were determined with carbon tetrachloride as 
the solute. The carbons in NMR spectra were assigned to polar organic carbon (POC), aromatic 
carbon, and aliphatic carbon species. The POC was estimated as the sum of carbohydrate, and 
carboxyl-amide-ester carbons. The polar organic carbon content of the organic matter ranged from 
36.5% to 59.9%. There was a distinct inverse relation between POC and K*. in the sediments and 
soils. The K*. values of carbon tetrachloride were lower in soils (average KQC= 59.1) than in the 
sediment samples (average K*. = 106.7) while the POC content of soils exceeded that of sediments 
(average 55.1 versus 45.7%. respectively). The soils and sediments consisted of two distinct 
population groups when statistical tests are conducted on the means of either POC or Kt>c. With these 
soils and sediments there was little relationship between aromaticity and the K^ of carbon 
tetrachloride. These authors note that others have found a relationship between PAH sorption and the 
aromaticity of the organic matter. Sorption of carbon tetrachloride is also not well correlated with the 
aliphaticity of the organic matter. However, there is a good correlation of the sorption of carbon 
tetrachloride to the combined sum of the aromatic and aliphatic content of the organic matter. 
Chefetz et al. (2000) examined the sorption of pyrene on natural organic matter (NOM) of 
various origin and aliphaticity and aromaticity. The natural organic matter consisted of samples of 
cuticle, humin, humic acid, degraded lignin, peat, and lignite and the NOM were characterized by 
elemental analysis and CPMAS ,3C NMR. Values of the H/C atomic ratio varied from 1.7 to 0.9 for 
the various NOM samples with the cuticle and humin having H/C ratios of 1.7 and the lignite the 
lowest at 0.9. Lignite and the degraded lignin had very low levels of N. CPMAS |JC NMR showed 
the degraded lignin to contain a calculated 40.2% aromaticity largely as guaiacyl structures. The 
lignite NOM exhibited even higher aromaticity at 54.5% due largely to catechol like structures. The 
humin NOM. by contrast, exhibited only 8.8% aromaticity with a major peak due to methylene 
carbons as well as carbohydrate moieties and carboxylic carbons. This spectrum of the humin was 
characteristic of sedimentary NOM derived from algal sources. The spectrum of the peat sample was 
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similar to that of the humin except for the addition of some aromaticity, which accounted for 21.9% 
of the carbons in this sample. The humic acid NOM consisted of slightly more aromaticity at 29.6%. 
The cuticle sample exhibited a spectrum characteristic of long- chain aliphatic structures and 
carbohydrate moieties with very little aromaticity (4.6%). 
The sorption isotherms of pyrene to peat, humic acid (derived from the peat), and cuticle 
were linear over the concentration range of the experiments (0.001-0.12 mg/L). The cuticle sample 
exhibited very high sorption of pyrene with a value of almost 500.000 (log = 5.7). The 
value for peat and humic acid were 86,000 and 49,000, respectively. The values for all three of 
these NOM were in the range predicted based on pyrene partition coefficient. The peat and 
humic acid isotherms fit a C-type curve, while the cuticle sample fit an H-type sorption isotherm. 
The H-type isotherm is characterized by very strong solute-sorbate interactions and may indicate 
specific bonding or strong van der Waals interactions. The samples of lignin. humin. and lignite all 
exhibited nonlinear L-type isotherms. The isotherms of all of the samples of NOM were nonlinear 
when fitted to the Freundlich equation. These authors state that the isotherms of cuticle, peat, and 
humic acid are linear, and yet values of the n exponent were 0.63-0.69 for all the NOM other than 
humic acid that displayed an n value of 0.89. The raw data of these authors is more variable than that 
of other researchers as correlation coefficients are mostly less than 0.9 for both parameters in the 
Freundlich relationship while most researchers rarely report correlations below 0.995. The authors 
also state that the samples exhibiting L-type isotherms do not exhibit an asymptote typical of 
Langmuir type isotherms, yet the graphs of their data are clearly curvilinear and becoming fiat at 
moderate to high concentrations within the limited concentration range used in this study. The 
authors note that other researchers have associated higher K*. values with increasing percentages of 
aromaticity of NOM and lower values with polar group content (carbohydrate, carboxylic acid. 
O-aryl). The results of this study show the contribution of long-chain aliphatic structures to sorption 
and high K*, values as the two samples with the lowest aliphaticity exhibited the highest values. 
The sorption of pyrene to lignite demonstrates some of the complexity of sorption behavior to NOM. 
as lignite is a microporous material with an abundance of polar aromatic functionalities and paraffinic 
aliphatic structures. Pyrene sorption probably occurs with all three of these regions in the lignite 
structure, and the micropores may be responsible for the nonlinear sorption behavior. The humic 
acid NOM had a higher aromatic content compared to the parent peat material, yet the K*. value for 
the humic acid was lower than that for the peat. This may be due to the high carboxylic acid and 
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phenol content of the more polar humic acid. A positive trend of increasing value with increased 
aliphaticity demonstrated the importance of paraffinic aliphatic functionalities on pyrene sorption by 
NOM. Without the lignite and lignin sorption data there was a very positive correlation (r = 0.996) 
between K*, value and aliphaticity. The lignin and lignite samples differed significantly from the 
other samples in terms of nitrogen content with less than 0.1% elemental nitrogen in both samples. 
Diffusion Models 
Two models of pesticide interaction with soil have been postulated to account for nonlinear 
behavior, resistant fractions, and slow desorption. Both models are based on retarded or limited 
diffusion. One model (Brusseau et al., 1991: Farrell and Reinhard, 1993: and Pedit and Miller. 1995) 
envisions retarded intraparticle diffusion in mesopores and micropores as the rate-limiting step that 
causes slow desorption. A second diffusion-based model (Brusseau et al., 1991: Xing and 
Pignatello, 1996, 1997 and Weber et al., 1995a, 1995b. 1997a. 1997c. 1997d. 1997e) envisions 
retarded diffusion through the intraorganic matter of humin and humic acid polymers as the rate-
limiting step. A subset of the intraorganic diffusion model has been developed by Weber in a series 
of fourteen publications to date and has been coined a distributed reactivity model. 
Intraparticle Diffusion Model 
The intraparticle diffusion model is derived from the study of mineral pore structure in soil 
science and has been used in modeling the sorption of nonpolar organics in aquatic and aquifer 
sediments as well as soil column transport. Studies using the intraparticle model of slow sorption 
have been conducted mostly by gathering breakthrough curves of pesticides through soil columns. 
The advection-dispersion equation has been used to model the breakthrough curves of the pesticides 
from the soil columns. Mathematically retarded intraparticle diffusion in soil columns modeled with 
an advection-dispersion equation as follows: 
Rf=Dt?"vf ,6) 
where R = dimensionless retardation factor 
D = hydrodynamic dispersion coefficient 
C = solute concentration in the soil column effluent 
v = average pore-water velocity 
x. t = distance and time 
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The retardation factor is related to the partition coefficient as follows: 
R = (l+pb*Kp/6) (7) 
where pb = bulk density of the soil 
Kp = partition coefficient of the solute 
8 = volumetric water content of the soil 
In the intraparticle model the soil is regarded as a collection of uniform spheres. Solution of the 
intraparticle diffusion model for the slow fraction, S^, is of the form below. 
p dS2 
+ 
9 dt 
1 + J$!£)K.D£C.v5Ç (8) 
0 J dt ôx~ ôx 
Either a rate or diffusive method can solve this advection-diffusion equation. In the rate model the 
pesticide is distributed between a fast (S [ ) and a slow (S%) compartment in the soil. The equilibrium 
among the solute in the aqueous solution phase and the fast and slow fractions is modeled as in 
equation 9. 
K, k2 
C 1 »S, < »S2 (9) 
fast slow 
where C = solute concentration in the aqueous phase, ug/ml 
S,= solute concentration in the fast compartment, ug/g 
S,= solute concentration in the slow compartment, ug/g 
K,= distribution coefficient, mL/g 
k,= forward first-order rate constant day"1 
The equilibrium relationships for the first-order model are as follows: 
S,= K,C 
S, + S2 = K/"C (10) 
where = distribution coefficient at equilibrium 
In the rate model the mass transfer between S \ and Si is given by equation 11. 
<3S;/<3t = k2S, - k-2S2 (II) 
where k-:= reverse first-order rate constant day"1 
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Equation 10 is substituted into equation 8 to model a first-order model of pesticide interaction 
and elution in soil columns. The parameters obtained from the first-order treatment of the 
breakthrough curves are K.[, Kpe(l, and k-i, the rate of desorption. An effective diffusion coefficient 
is used to describe the retarded diffusion of pesticides in the micropores of the idealized soil particle. 
Mathematically, the change in sorbed fraction with time and distance in the intraparticle of the soil is 
given by equation 11. 
as, Deff *Vs2) 
dt r drl 
The parameters that result from curve fitting of the column breakthrough curves with the diffusive 
model are K[, Kpe1, and r, a diffusive time scale parameter. The diffusive time scale parameter, r. is 
related to the radius, a, of the soil particles and the effective diffusion coefficient. 
r = a2/Deff* (13) 
Pignatello et al. (1993) studied the elution curves of aged and freshly added atrazine and 
metolachlor to field soil samples using both a first-order (equations 8 and 10) and diffusive 
(equations 8. 11, and 12) model for describing the elution curves of these two common herbicides 
from soil columns. The diffusive model was superior to the first-order rate model in fitting the 
elution curves and provided parameter estimations within a much narrower range of values. The fit 
was especially superior when a simultaneous fit to both native and added herbicide elution curves 
were considered. In both models the fit was much better when a fast compartment, S,. and its 
distribution coefficient. K,, were included in the model. Neither model was particularly good at 
providing unique solutions when either native or freshly added herbicide elution curves were 
analyzed individually. More unique solutions were arrived at by a simultaneous fit to the elution 
curves of both the native and added herbicide. Calculated values for K; (1.7 for atrazine and 2.7 for 
metolachlor) were close to experimental Kj measurements of 2.17 mL/g for atrazine and 2.96 mL/g 
for metolachlor. Calculated values of Kpe1 were much greater than the partition coefficients K,or 
Kj. Estimates of exceeded K, by 11-fold for atrazine and 6-fold for metolachlor. Both models 
distributed the majority of the herbicide to the slow fraction with best fits indicating 92% of atrazine 
and 83% of metolachlor in the sorbed compartment at equilibrium. The time scale for equilibrium 
was many months, varying from 220 to 380 days for the two herbicides. In the first-order model. 
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desorption rates for both atrazine and metolachlor were of the order of 0.03 to 0.04 d~ ' which 
translates into a half-life for desorption of 17-23 days and a 95% response time of about 100 days. 
These authors also separated the soil into different size fractions before and after the 3.5 mon elution 
of the soil column with dilute calcium chloride. Most of the sorbed herbicides were in the clay and 
silt fractions, and concentrations in the clay exceeded those in medium and course sand by more than 
20-fold. Normalization to the organic carbon content indicated an almost even distribution of the 
herbicides among the different size fractions. Leaching of herbicide was similar in each size fraction 
and the distribution of herbicide among the size fractions normalized to the organic carbon content 
resembled the original distribution. These results indicate that the mineral portions of soil are not 
important contributors to the distribution or sorption of metolachlor and atrazine in soils. The clay 
fraction which has the most active surface chemistry did not exhibit desorption behavior that was 
different from the other soil size fractions. The important component of the soil was the organic 
matter even in this sandy soil of only 0.13% organic carbon. As desorption in the clay fraction was 
not any faster than from the other larger particles, these authors conclude that the diffusive length 
scale is less than 1 gm assuming that slow sorption is diffusion limited. These authors also 
tentatively concluded that diffusion was the controlling mechanism in slow sorption rather than bond 
energetics, which is implied by the first-order rate model. 
Karapanagioti et al. (2000) examined the sorption behavior of phenanthrene in different 
subsamples of Canadian River alluvium from New Mexico and used the intraparticle diffusion model 
to describe this behavior. These authors separated the sediment material into four different grain 
sizes as well as magnetic and nonmagnetic subfractions that gave rise to a total of eight distinct 
subsamples. The organic matter in each subsample was characterized by the new technique of 
organic petrography, and it was found that the sediment contained many different types of organic 
matter. A 0.125 mm diameter subsample with a coating of amorphous organic matter made up 40% 
of the alluvial sediment but contained the least amount of organic matter. Another subsample of 0.25 
mm diameter with particulate organic matter in a clay matrix made up 23% of the sediment mass but 
it also contained very little organic matter and so contributed little to the overall sorption behavior. 
One subsample contributed a large fraction (y of the organic matter (31%). while constituting only 
23% of the overall mass of the alluvial sediment. The heterogeneity of the organic matter included 
coal particles, charcoal or soot, and amorphous organic matter, all of which exhibited different 
degrees of phenanthrene isotherm nonlinearity and sorption kinetics. The organic matter was 
classified into five types which were coaly particulate organic matter (POM) consisting of coal. 
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charcoal, or soot particles; young POM showing fluorescence in UV light (i. e. phytoclast); quartz 
aggregates with clay matrices containing coaly POM; quartz aggregates with clay matrices containing 
amorphous POM, and grains with amorphous organic matter. The coaly particles exhibited the 
largest and also the most nonlinear isotherms and slowest sorption kinetics with phenanthrene as 
the solute. Coaly particles impacted the overall sorption behavior to a considerable degree even 
when they contributed as little as 3% to the total amount of organic matter in the subsamples. The 
values of all samples differed by two orders of magnitude and were always higher than the 
predicted from correlations with the octanol-water partition coefficient (Kow). Sediment fractions 
with coaly particles exhibited very high values and low Freundlich exponents (n=0.55). which is 
indicative of the highly nonlinear sorption behavior of this subfraction. At low phenanthrene 
concentrations ( I ug/L) there was an inverse relationship between n and K^. among the subsamples. 
At higher concentrations approaching the solubility limit of phenanthrene (1.29 mg/L). this 
relationship disappeared and values were nearly the same for all the subsamples irrespective of 
the value of n and thus of the degree of non linearity. This observation reflects the fact that at high 
concentrations a partition mechanism is dominant while at low solute concentrations, a pore or hole-
filling process takes place that results in nonlinear sorption isotherms. The lowest K*. values and 
most linear behavior (n=0.89) were exhibited by the subsample (0.125CAOM) dominated by 
amorphous organic matter (AOM) on quartz grains, and this subsample made up 40% of the mass of 
the sediment. Subsamples that contained both AOM and POM exhibited high K*. values when the 
POM consisted of charcoal (0.063 POMCHCaom) or coaly particles (0.063CAOMPOMcl). Even in 
samples where the coaly POM is only a fraction of the organic matter the coaly fraction dominates 
the subsample reactivity and sorption of phenanthrene. 
Sorption kinetics of phenanthrene interaction with the various subsamples was studied and 
modeled with an intraparticle diffusion model. The kinetic behaviors of two extreme but 
homogenous subsamples as well as a mixed subsample were discussed. The fastest sorption kinetics 
were found with the subsample, which contained AOM coatings on quartz grains (0.125Caom) where 
equilibrium was reached within one day. The intraparticle diffusion model was not applied to this 
sample as the process of interaction is fast partitioning onto a surface organic coating rather than 
diffusion. The homogenous subsample dominated by POM (0.5POMcl) exhibited the slowest 
sorption kinetics with 100 days of phenanthrene-subsample exposure being insufficient time to reach 
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equilibrium. The grain radius for this subsampie was used in the intraparticle diffusion model and the 
model fits the data well. The intraparticle diffusion model did not fit the data nearly as well for the 
subsampie with mixed types of organic matter (O.OôSC^MPOMCL). It was found that a two-
component composite model with two kinetic components, a fast and slow component was necessary 
in order to describe the kinetic behavior of the sorption of phenanthrene. The relative weight percent 
of the fast and slow components were adjusted until the best fit to the data was achieved. The overall 
kinetic behavior and model for this subsampie was dominated by the fast component (AOM 
contribution), at times less than about one day, while the slow component (coaly, POM contribution) 
became dominant after a period of several days. The parameters in the intraparticle diffusion model 
with heterogeneous samples may have become physically meaningless as radii other than the grain 
radius were necessary in order to fit the data and the fraction in the two kinetic components was 
arrived at through trial and error. A one-component model was recommended for homogeneous 
samples while a two-component model is necessary with samples that have heterogeneous organic 
matter. The authors also noted a significant inverse correlation between the distribution coefficient 
(KJ and the apparent diffusion coefficient (DJ. These authors also note that some samples in long-
term sorption experiments showed degradative losses of phenanthrene even in the presence of 200 
mg/L of sodium azide. At best this biocide afforded a 15-30 day lag period during which no 
degradation occurred. The onset of biodégradation was confirmed by hot methanol extraction (60° C) 
for four days. Triplicates that followed the intraparticle diffusion model line exhibited 90-100% 
recovery of phenanthrene. while other samples exhibited recoveries of 26-76% due to degradative 
losses and the sorption data for these samples was not used in the results or discussion. 
Rugner et al. (1999) studied long-term sorption of phenanthrene to homogeneous 
components of aquifer materials and modeled the sorption with an intraparticle diffusion model. 
Properties of the isolated homogeneous lithocomponents in this study are described earlier in this 
literature review in the paper by Kleineidam et al. (1999) in the isotherm section on pages 30 and 31. 
Diffusion rate constants were correlated with grain size and intraparticle porosity of the individual 
lithocomponents. Tortuosity was the final fitting parameter and agreed with Archie's law predictions 
based on intraparticle porosity. The pore diffusion model described the sorption kinetics very well 
for the samples of course sand and gravel. For smaller grains, the sorption kinetics were controlled 
by interactions with charcoal or coal particles and such interactions were described as intrasorbent 
diffusion. These authors discuss prior applications of the intraparticle diffusion model to sorption in 
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sediments and note that in all cases the tortuosity factors were much higher than expected based on 
the measured intraparticle porosity. They also note that successful modeling of sorption and 
desorption has been performed with a lognormal or gamma distributed range of kinetic parameters. 
Unfortunately, in both of these approaches an a priori prediction of rate coefficients based on 
independently determined properties of the soil or sediment has not been possible. The major 
objective of this study was to make a priori predictions of long-term sorption kinetics of 
heterogeneous soils or sediments based on intraparticle porosity and sorption capacity of individual 
lithocomponents. Three different porosity's were measured in the various subsamples. which were 
macropores, mesopores, and micropores. N was used in the measurement of mesopores (2-50 nm) 
and also as an estimate of the micropore volume. This procedure may substantially underestimate the 
micropore volume of organic matter as shown by De Jonge et al. ( 1996) as discussed in the humic 
acid structure section later in this review. Only the dark limestone and sandstones with coal and 
charcoal particles showed evidence of a significant microporous fraction. Sorption experiments on 
narrow grain sizes of aquifer sediment were carried out for time periods of 1. 3.7.30.60. 100.250. 
500, and 1000 days. Control samples containing no solids (aqueous phenanthrene solutions of - 40% 
water saturation) were also stored and sampled at the same time periods as the samples containing 
sediment solids. These controls exhibited stable aqueous phase concentrations for about 200 days, 
but then the concentration fell by as much as 40% over the next two years. This change in 
concentration was attributed to sorption into the vial septa and this loss was incorporated into losses 
from the aqueous phase of the sample vials. Losses in the sample vials amounted to only 5-7% as the 
aqueous phase concentrations are much lower due to sorption to the solids. Mass balance was also 
confirmed by extraction and analysis of phenanthrene in the solids from selected samples. Extraction 
of phenanthrene was with hot methanol (60° C) for 3 days and recoveries ranged from 68-125% for 
samples stored from 270 to 1000 days. The low recoveries were from samples with charcoal or coaly 
particles that demonstrated high sorption capacities and slow sorption kinetics. Supercritical fluid 
extraction with CO, at 80° C or with methanol modified CO, at 150° C did not result in increased 
recoveries. Samples demonstrating lower recoveries of phenanthrene also exhibited low diffusion 
rates in the sorptive uptake experiments. Diffusion rates of less than 10"lo/sec were associated with 
lower recoveries while samples with greater diffusion rates gave higher recoveries of phenanthrene 
from the solids with hot methanol. 
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Sorptive uptake of phenanthrene by the various lithocomponent fractions was well described 
by numerical solutions to Pick's second law in spherical coordinates (equation 6. spherical 
coordinates). The fits to the sorptive data were especially good with all particle sizes (0.016-3.54 
mm) of crushed and sieved limestone and sandstone. Effective diffusion rates in these rock fragment 
samples were dependent on the grain radii as predicted by the intraparticle diffusion model at least 
for particle sizes greater than 0.063 mm. Sorptive uptake in particles below 0.063 mm was limited by 
a process that was one to two orders of magnitude slower than predicted by the intraparticle diffusion 
model and was almost independent of grain size. This slower process was ascribed to intrasorbent 
diffusion into large grains of particulate organic matter within these limestones and sandstones. The 
relationship between diffusivity and intraparticle porosity was investigated for the various 
lithocomponents. Archie's law predicts that diffusivity is predicted by the square of the intraparticle 
porosity. Most of the lithocomponents followed this relationship other than the dark sandstones and 
dark limestones. In these samples the deviations were ascribed to limited intrasorbent diffusion into 
course particulate organic matter. The dark sandstones contained charcoal particles of up to 150 um 
in diameter while the dark limestones contained coal and charcoal particles of up to 60 um in 
diameter. Deviations from Archie's law in highly porous sandstones were attributed to a low porosity 
region from precipitated iron and manganese precipitates. The authors note that the sorptive behavior 
in these samples could also be explained by restricted diffusion in real micropores. This study 
showed that the intraparticle diffusion model could predict the effective diffusion coefficients of 
phenanthrene in sand and gravel sized materials based on intraparticle porosity and Archie's law. 
Sorption kinetics could also be described in these materials based on grain size, intraparticle porosity 
and the Freundlich sorption isotherm. 
Intraorganic Matter Diffusion Model 
A second diffusion based model (Xing and Pignatello. 1996. 1997: Brusseau et al.. 1991 ) of 
slow sorption and desorption of pollutants in soils and sediments envisions retarded diffusion into 
interior regions of humic polymers as the rate-limiting step. The intraorganic diffusion model derives 
from studies in polymer science with sorption in rubbery and glassy type polymers. Sorption 
isotherms in polymers in a rubbery state exhibit linear isotherms, fast equilibrium and negligible 
hysteresis. This behavior is consistent with a pure partitioning mechanism of the solute into the 
polymer. By contrast solutes diffuse slowly into glassy type polymers, and isotherms are nonlinear 
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with desorption hysteresis and there is solute competition. In polymers, the glassy state can be 
transformed into a rubbery phase by heating above the glass transition temperature or the addition of 
solvents that swell the polymer. Several authors (Xing and Pignatello. 1997; Brusseau et al.. 1991 ) 
have modeled pesticide and pollutant partition and sorption using an intraorganic diffusion model 
with reference to a polymer analogy. Interactions in the rubbery phase have been modeled as a linear 
partition mechanism, while a series of Langmuir type isotherms have been used to describe 
interactions within the glassy regions of a polymer. The relationship between solid phase and 
aqueous phase concentrations utilizing this dual-mode model is given in equation 14. 
5  =  5 , + S „ = K p C  *  
where S = solute concentration in the soil, ug/g 
Sp = solute concentration in the soil due to partition, ug/g 
Sh = solute concentration in the soil due to sorption, ug/g 
Kp= distribution coefficient in the partition domain. mL/g 
C = solute concentration in the aqueous phase. ug/mL 
Qi = sorption capacity of the Langmuir type site i. ug/g 
bj = sorption energy for the solute at Langmuir site i 
Condensed or glassy regions of organic polymers are associated more with the humin 
fraction of soil organic matter (Xing and Pignatello. 1997). Humin is characterized by a larger 
molecular weight and higher aromatic carbon content than other humic polymers and has a more 
static and condensed structure. Fulvic and humic acids are more open polymers and partition 
processes into the dynamic structure of these molecules may dominate pesticide interactions with 
these constituents. Xing and Pignatello (1997) postulated the nonlinear portion of pesticide sorption 
to be a hole-filling mechanism into nanometer-size voids within the more condensed regions of the 
polymer matrix. Support for a hole-filling mechanism within organic polymers consists of several 
lines of evidence that together are highly suggestive, although individual results are open to 
alternative intraparticle diffusion explanations. Dual-mode sorption into organic polymers with 
amorphous and condensed regions has been suggested by several studies (Xing and Pignatello. 1997; 
Brusseau et al.. 1991) to explain the observations. 
42 
Distributed Reactivity Model 
The intraorganic matter diffusion model (IOMD) has been investigated most thoroughly 
by Weber with phenanthrene and other HOC's. He has refined the IOMD with the concept of a 
distributed reactivity model (DRM) which he and others have investigated with a series of twelve 
papers. Weber et al. (1992), in the first DRM paper, laid out the conceptual basis of the DRM model 
and compared it to other models such as the linear Freundlich, nonlinear Freundlich. Langmuir, and 
predictions based on n-octanol/water partition coefficients. After laying the conceptual basis for the 
DRM, sorption data of HOC's on subsurface soils is presented which supports the model. These 
researchers constructed isotherms of tetrachloroethylene (TCE), dichlorobenzene (DCB), and 
trichlorobenzene (TCB) on subsurface soils with 0.03% to 2.49% organic carbon. The first 
observation by these authors is that most of these soils have higher sorption capacities (some by 10-
fold) than predicted by large databases of correlations of with K^, established from data obtained 
on conventional surface soils. Further, it was observed that normalizing the isotherms to either of 
two types of organic carbon only marginally collapsed the isotherms of the six different soils. The 
authors consider that these observations are explainable by one or more of three different 
mechanisms. These are i. sorption to reactive mineral components, ii. sorption mechanisms other 
than simple organic phase partition, and iii. differences in the compositional character of soil organic 
matter. Normalization of isotherm data with the surface area of the soils did result into the collapse 
of the isotherms into two groups among the six soils. One group consisted of soils of low organic 
matter content that was easily oxidized, while a second more sorptive group contained higher 
quantities of organic matter and organic matter that contained a sizable fraction that resisted easy 
oxidation. Linear models were incapable of describing the observed isotherms that were nonlinear 
for the two aromatic solutes on all six soils. The linear models failed most appreciably in the lower 
concentration regions of the isotherms below 1000 ug/L of solute in the liquid phase. A linear 
partition model was only capable of explaining the isotherm of the interaction of the aliphatic TCE 
solute with one low organic matter soil as all other linear isotherms lay outside the 95% confidence 
intervals of the nonlinear Freundlich fits. The third paper in the DRM series. Young and Weber 
( 1995), examined the sorption behavior of the PAH phenanthrene on three different types of soil 
materials. These consisted of a shale material from Ohio, a peat or mucky soil from Michigan, and a 
Webster soil from Iowa. Sorption behavior was investigated over a concentration range spanning 0.3 
to 750 ug/L and at three temperatures of 10,25, and 40° C. The sorption experiments at the three 
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temperatures allowed calculation of isoteric heats of sorption. Isoteric heats of sorption are a 
common measure of sorption energy and represent the enthalpy change involved in transfer of solute 
from a standard state to a sorbed state. The two soils exhibited sorption capacities that were 
predictable from correlation's of with the Kow of phenanthrene. The shale material exhibited a 
sorption capacity an order of magnitude larger than predicted by its organic matter content. All of the 
sorption isotherms were strongly nonlinear with the shale having a Freundlich exponent of 0.52 while 
the Webster soil was 0.65 and the muck soil was 0.76. The trend in capacity factors and Freundlich 
exponents among these soils were consistent with a classical surface absorption phenomenon. The 
increase in calculated isoteric heats of sorption with decreasing phenanthrene concentrations was also 
consistent with surface absorption phenomena. Non linearity as expressed in the Freundlich n 
exponent also correlated with the rate of the increase of isoteric heats, which is again consistent with 
surface absorption. However, the absolute values of the isoteric heats and their trends among the 
soils were not consistent with surface sorption phenomena as only the Webster soil exhibited values 
significantly different from zero. These authors contend that all these observations and others are 
consistent with a distributed reactivity model (DRM). They seek to provide a basis within the DRM 
for explaining six observations of HOC behavior in these soils: 
a) sorption nonlinearity 
b) differences in OC normalized sorption capacities 
c) competitive effects 
d) increases of Freundlich n with increases in temperature 
e) increases in isoteric heats with decreases in solid phase loading 
0 the low isoteric heats measured for sorption of HOC's 
The basis of explaining these observations within the DRM is the concept of two regions or types of 
organic matter within soil. In polymer science these are referred to as rubbery and glassy polymers, 
and the authors envision two domains within soil organic matter, that is. amorphous and condensed. 
Cellulose, above and below its glass transition point, is an example of these two different polymer 
types or organic matter domains. Sorption of organic solvents in cellulose at a temperature above its 
glass transition point is predictable based on a pure partitioning process into an organic phase, i. e. it 
is a noncompetitive linear process. Below the glass transition temperature, however, cellulose 
exhibits competitive, nonlinear sorption of these same solvents with an order of magnitude increase 
in sorption capacity. In addition, the Freundlich exponent, n. increases with temperature as observed 
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with these soils, and heats of sorption were roughly equal to the heats of condensation meaning 
isoteric heats of sorption were usually indistinguishable from zero. These authors discuss how 
diagenesis can lead to the formation of condensed regions of organic matter within soil humic 
materials. Over time humic matter loses oxygen functional groups and exhibits larger molecular 
weights. There is also a trend toward a larger percentage of the organic carbon being made up of 
aromatic nuclei rather than aliphatic linkages. These processes could result in the formation of 
condensed aromatic regions within the humic matter of soil. The organic carbon of shale, kerogen. is 
an example of this type of structure. Kerogens consist of 2-4 stacks of aromatic sheets each 
containing up to 10 aromatic nuclei and diameters from 5-10 A. Older deeper shales exhibit more 
regular interplanar spacing and orientation. 
The behavior of persulfate-oxidized soils was compared to that of the originals for the 
sorption of phenanthrene. The persulfate oxidation removes easily oxidized organic matter from 
soils, and in this study, this type of organic matter accounted for 27% of the organic carbon in the 
shale. 51% in the muck and 79% of the organic carbon in the Webster soil. When normalized for 
organic carbon content the capacity of the Webster soil for phenanthrene sorption increased by 4-fold 
over the unmodified soil. The capacity of the muck soil almost doubled while that of the shale 
decreased by about 20%. Weber and Huang ( 1996) in another paper in the DRM series studied the 
time course of sorption of phenanthrene to four soils and sediments that are EPA reference materials. 
These materials had 1.0-2.5% organic carbon and significant clay (21-69%) and silt (14-71%) 
fractions. Solute isotherms were constructed over several orders of magnitude of phenanthrene 
concentrations with both a nonlinear Freundlich model and a linear distribution model. The sorption 
was significantly nonlinear for three of the materials with more linear behavior by the sediment with 
the smallest specific surface area. Capacity factors were somewhat comparable to those calculated 
from correlations of and KgW developed by others although only at high solute concentrations. 
The time course of sorption was followed on all four materials and studied most thoroughly on the 
highest surface (and OC) material. The value of n in the Freundlich equation changed from 
0.93±0.03 at I min to 0.80+0.03 at I h to a constant value of 0.73±0.03 after I day of equilibrium. 
During this same time period the Freundlich capacity factor increased from 0. II to 0.58 to 1.37 L/g. 
From the data the authors surmise initiation, logarithmic, and equilibrium stages to the sorption 
process with time. Two materials exhibited an initiation stage lasting about 10 min while the other 
materials immediately entered a logarithmic change in n and Kf with time that lasted for several hours 
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with respect to n and for approximately 2 days with respect to changes in Kf with time. Equations 
were developed which described the logarithmic stage of this sorption process and related n and Kf to 
the log of the time with a high degree of fit (r >0.99). 
This logarithmic stage was considered by the authors to be a time when the sorbate was 
encountering new domains of energetically heterogeneous sites with higher sorption capacities. 
From these data the authors envision three domains within soil where interactions with HOC's and 
pesticides occur. They divide these domains into a mineral domain, an amorphous organic matter 
domain, and a condensed organic matter domain. They discuss structural features of humic acids that 
support monolayer sorption of humics on mineral soil surfaces and X-ray fluorescence that supports 
the existence of condensed regions of organic matter within humic acids. The next paper in this 
series, Huang et al. (1996), takes a look at the sorption of phenanthrene on the mineral component or 
domain I of the three-domain model developed in the previous publication. Three types of particulate 
minerals were investigated. These consisted of minerals like quartz and alumina with only external 
surfaces and a series of porous silicas containing an internal pore network as well as bentonite. a 
swelling clay. All sorption isotherms were linear with the exception of the bentonite. which exhibited 
marked nonlinear behavior and took several hours to come to equilibrium with phenanthrene in the 
solution phase. In contrast to the sediments studied in their earlier paper, all the other minerals 
reached equilibrium within minutes with the solution phase. Apparently the cylindrical pore network 
of the porous silicas is not accessible to phenanthrene as sorption equilibrium is less than 10 minutes 
and these high specific surface area (300-500 m-/g) materials exhibit much less sorption capacity on 
a surface area basis than the mineral type with only external surfaces. The sorption capacity of these 
materials is more characteristic of a mineral with 10-fold less surface area. Apparently, highly 
structured water fills much of the pores of these silicas thus excluding the nonpolar phenanthrene 
from many pores. Structured water layers near mineral surfaces like these can be 2-12 layers thick, 
and calculations assuming 4 layers of structured water around pore walls concluded that even 40 A 
pores would exclude a small molecule like phenanthrene. These amorphous silicas also present 
rough surfaces to a solute in contrast to crystalline silica like quartz, which has a fiat surface and 
higher sorption capacity on an area basis. On a mass basis, minerals like quartz, alumina, and 
kaolinite exhibit very little sorption as calculated on an organic carbon basis as these minerals are 
equivalent to only 0.0077 % organic carbon. The interaction with bentonite was much more 
significant as it behaved more like bulk soils with a nonlinear isotherm and required time to reach 
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equilibrium. The authors note that others had assumed the interlayers of bentonite were not 
accessible to organic pollutants or had assumed linear behavior. On an organic carbon basis this 
swelling clay was equivalent to 4.5% organic carbon at a phenanthrene concentration of 2 ug/L. The 
interlayers in bentonite can vary from 14-40 A depending on water content and these planar surfaces 
apparently interact with the planar phenanthrene molecule leading to nonlinear behavior. 
Weber and Young (1997) and Young and Weber (1997) shifted their focus to desorption 
behavior of phenanthrene from soil using SFE in the following two papers in the DRM series. Five 
different soils were spiked with different quantities of phenanthrene and then filtered and freeze-
dried. The soils were then extracted to equilibrium with the supercritical fluid at a specified 
temperature and pressure. A total of twelve different pressure-temperature combinations were 
examined with varying concentrations of phenanthrene sorbed to the soils. The supercritical fluid 
provided rapid mass transfer because of low diffusivities in the fluid and allowed extraction from 
micropores because of its extremely low interfacial tension. Solubility of phenanthrene in the fluid 
was manipulated over several orders of magnitude, at the same temperature, through pressure control. 
As an example, the solubility of phenanthrene at 60° C could be increased from 479 mg/L at 120 atm 
to nearly 11.000 mg/L at 310 atm. It was found that the Freundlich relationship could adequately 
describe the desorption behavior of the solute into the supercritical fluid at all temperature-pressure-
concentration combinations. The five soils covered a broad range of organic matter content ranging 
from a sediment with only 0.21% OC to a muck comprising nearly 50% organic carbon. At 50° C 
and 120 atm, the isotherms from all soils were nonlinear while at higher pressures, and greater 
phenanthrene solubility, only the Webster soil and muck exhibited nonlinear behavior. Sorption 
capacity of these dry soils was strongly correlated with the amount of organic matter content and not 
with surface area. Multiple regressions produced a high correlation between the fraction of organic 
carbon, f*_ the oxygen fraction of the organic matter. fox. and the sorption capacity of the soils. K,. 
The ratio of the capacity factors at the pressure extremes (K.3 |o/K[20) at different temperatures 
revealed underlying structural differences among the soils. This was particularly noticeable with the 
Ohio shale samples where the capacity ratios at 40°. 50° and 60° C changed in accord with the 
changes in phenanthrene solubility (>10-fold) at the three temperatures. This was in contrast to other 
soils where the capacity ratios changed only marginally with increases in temperature. These results 
were explained in the context of swelling of the organic matter brought on by increases in the density 
of the supercritical fluid. The equilibrium between solute in the solid matrix and in supercritical fluid 
is controlled not by the concentration in the solid matrix but by its partial molar volume. The 
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experimental data for two of the soils at 60° C, Webster and Chelsea, suggests that the organic matrix 
swells by a factor of from 5- to 9-fold at 310 atm versus 120 atm. By contrast, calculations for the 
Ohio shale revealed that it experienced very little swelling of its organic matrix with the increase in 
pressure. Thus, the phenanthrene sorbed to the shale responded to the increase in pressure by 
desorbing in accordance with the increased solubility in the fluid, as its organic matrix remained 
mostly rigid and unexpanded. Slight increases in the capacity ratios with pressure in the other two 
soils were the result of swelling of the organic matrix in the fluid which decreased the partial molar 
volume of phenanthrene and led to markedly lower quantities of desorbed phenanthrene as compared 
to those predicted based on increases in solubility. The authors noted swelling of polymers in organic 
solvents and supercritical fluids. The postulated swelling is also in accord with the structures of the 
organic matter in the various soils. The humics in the two swelling soils are amorphous, open, and 
flexible structures, while the kerogens of the shale are much more rigid and condensed. These 
authors observed another correlation between the Freundlich n exponent in water soil systems and the 
swelling ratios. The shale that exhibits an n value of 0.52 with phenanthrene swells only to a slight 
extent (0.3-0.7) with pressure changes while the Webster soil with an n value of 0.65 had swelling 
ratios in the range of 0.5 to 5.0 depending on temperature. The Chelsea soil with 11% organic matter 
swelled the most (1-9 fold with pressure) and also had the highest value of n at 0.76. This correlation 
means that nonlinear sorption behavior is associated with rigid and condensed aromatic structures 
within organic matter, while amorphous open structures lead to more linear sorption behavior. 
More insights into sorption behavior were found by Young and Weber ( 1997) through the 
addition of methanol to the supercritical fluid as a desorption solvent. It was found that the addition 
of methanol at 7.4 mol% reduced capacity factors of the five soils for phenanthrene by factors from 
2- to 11-fold. These large decreases were not predicated on the increase in solubility of phenanthrene 
in the mixed fluid that amounted to only 21%. With methanol addition, all isotherms, with the 
exception of the shale, became linear. These results were explained as competitive displacement of 
the phenanthrene from polar sorption sites within the organic matter and mineral surfaces by 
methanol. The largest change in capacity factors with methanol addition occurred for the Webster 
soil ( 11-fold) while capacity factors decreased by 2.5-fold for the Ohio shale. Capacity factors of all 
the soils in this solvent system were again correlated with the fraction of organic carbon. (*,. and the 
fraction of oxygen, fox, in the organic carbon just as in the pure COi fluid. The correlation of 
capacity factors with the oxygenated fraction of organic matter was postulated to result from the 
induction dipole and dispersive interactions between oxygenated functional groups and the 
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polarizable phenanthrene. The methanol acted as a competitive agent displacing phenanthrene from 
the most polar sites. This phenomenon was not observed with pure CO], as this molecule has very 
low polarizability and so does not participate in dipole or dispersive interactions. Similar effects 
have been noticed with sorption of organic vapors to oven-dried soils in the presence of various 
levels of humidity. Capacity factors decrease rapidly with increasing humidity as polar organic and 
mineral sites interact with and sorb molecules of water displacing the organic solutes. The capacity 
factors of four of the soils decrease in the sequence from that of pure CO? > CO] -MeOH > aqueous. 
The shale soil did not follow this pattern, as capacity factors in water were slightly larger than in pure 
CO] fluid. Swelling of the kerogen structures of the shale from a glassy condensed state to more 
amorphous structures in supercritical fluids was invoked to explain this observation. In aqueous 
solution at room temperature, the kerogen would again resume its normal glassy, highly sorbing state. 
It was noted that capacity factors could be related, in a highly correlated way. to the fraction of 
organic carbon, f*., and the fraction of oxygen, fm, in the organic carbon in all three solvent systems 
for phenanthrene sorption to these soils. On transition from pure CO? to CO] -MeOH fluid there 
was a change in sign of the ^ term. The authors took this as an indication of a change in sorption 
mechanism upon introduction of methanol into the system from dominance by oxygenated functional 
groups and mineral surfaces to sorption dominated by reduced aromatic condensed carbon. 
LeBoeuf and Weber (1997) discovered the first reported glass transition in a natural humic 
acid polymer through differential scanning calorimetry and developed the implications of this 
discovery within the DRM framework. Both wet and dry glass transition temperatures. Tg, of 43 and 
62° C. respectively, were discovered in a commercial humic acid polymer. Sorption of phenanthrene 
to the humic acid and other polymers with glass transition points was studied above and below the 
transition temperature of the humic acid polymer. The other polymers studied were cellulose, coal 
and poly (isobutylmethacrylate). Cellulose has a glass transition point below 0° C in aqueous 
solution, while the PIMA polymer transitioned at 50.4° C, and the coal at over 300° C. At 5° C. 
phenanthrene isotherms were nonlinear for sorption to coal. PIMA, and the humic acid, while the 
isotherm with cellulose was linear. An increase in temperature to 45° C resulted in linear isotherms 
for both humic acid and the PIMA polymer, and the temperature had no significant affect on the 
isotherm of phenanthrene with coal. The DRM was developed to explain nonlinear sorption and 
other observations, such as solute competition, and is mathematically described with a linear and a 
nonlinear component. The sorbed solute concentration is expressed as follows: 
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q.-K^A + KA" (15) 
where qe = solute concentration in the soil, ug/g 
K^l = linear distribution coefficient, mL/g 
Cc = solute concentration in the aqueous phase, ug/mL 
Kf = Freundlich distribution coefficient. mL/g 
n = Freundlich exponent 
The nonlinear Freundlich term represents a summation of several distinct Langmuir-type nonlinear at 
different sites within a heterogeneous matrix. The authors note that others have proposed a more 
restrictive two-domain model that directly incorporates a single Langmuir-type component into the 
nonlinear part of the isotherm instead of the more general Freundlich term. The mathematical 
expression of this limiting case of the DRM is as follows: 
qc = KdXCc + Q1bCe/(l+bCe) (16) 
where Qa = saturation limit concentration of the solute in the soil, ug/g 
b = affinity coefficient between the solute and soil 
This model has been successfully applied to several different homogeneous polymers including 
solute sorption in molecular sieves and dye transport in textile fibers, as well as sorption of HOC's 
and pesticides to soils and sediments. Based on the finding of a glass transition point in a humic 
polymer, the authors develop the case for the limited version of the DRM that they coin the DRDM 
for Dual Reactive Domain Model. The DRDM contains two simplifications compared to the more 
general DRM. First, all linear sorption is assumed to occur in an amorphous, rubbery organic phase, 
which negates any contribution from mineral surfaces, pores, and clay interlayers. Secondly, and 
more significantly, the DRDM treats sorption as a singular site-limited, constant energy process 
within a glassy condensed polymer. By contrast, the DRM treats nonlinear sorption as a set of 
multiple interactions involving different sites and different energies with overall Freundlich behavior 
from a summation of Langmuir-type sorptions. The sorption data for humic acid and PIMA at 5° C 
and 45° C was reanalyzed in terms of the DRDM and Langmuir contributions dominated at low 
concentrations in the low temperature isotherms. At the higher temperature these contributions 
disappeared and the sorption behavior became linear as predicted from the glass transition 
temperatures of these two polymers. 
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In the next paper in this series, Huang et al. (1997) more fully explored the sorption of 
phenanthrene to different soils and sediments. A total of 27 different soils and sediments were 
examined by establishing their isotherms. The materials examined had specific surface areas 
spanning a range from 1 to 60 m-/g, with organic carbon content ranging from 0.118 to 46.2% and 
clay content from 0-70%. All isotherms on all sediments and soils were nonlinear and common 
correlations developed on these very soils significantly underestimated the organic carbon normalized 
capacity factor, K*.. Three models were fit to the data, a linear partitioning model, the Freundlich 
model, and the DRDM model developed in the previous paper. The sorption behavior on all soils and 
sediments was inconsistent with a linear partitioning or distribution model. The Freundlich model fit 
all the sorption isotherms well with two-thirds of the soils exhibiting n values of 0.72-0.78. The 
Webster soil exhibited the highest degree of nonlinearity with an n exponent of 0.60. The soils that 
displayed the least nonlinear behavior were also the soils with the lowest amounts of organic carbon. 
The DRDM also fit most of the isotherm data, although correlation coefficients were slightly less 
(several at 0.987-0.992) than for the Freundlich model (all above 0.991 ). Other multiple parameter 
models failed to fit the isotherm data with correlation coefficients below 0.70. The authors are of the 
opinion that the multiple parameter Freundlich and DRDM models fit the isotherm data because they 
better represent the underlying mechanisms that account for the sorption data, while other multiple 
parameter models do not model the mechanistic processes that are occurring. Previous authors had 
reported linear sorption isotherms with many of the soils used in this study with phenanthrene and 
other PAH's. Those authors did not explore any nonlinear fits to their data and developed their 
isotherms within a fairly narrow concentration range that approached the aqueous solubility of the 
solutes. Some of the soils in the present study were base extracted before determination of their 
phenanthrene isotherms. In all cases the treated soils exhibited more pronounced nonlinear behavior 
when compared to the untreated soils. This is consistent with observations that amorphous humic 
materials are base extractable while the more aromatic portions of organic matter resist base 
extraction. It is also consistent with the continuing development of the DRM and DRDM that assigns 
nonlinear sorption, hysteresis, and solute competition to a condensed, glassy, aromatic region of soil 
organic matter. 
In the DRDM. the values of the linear sorption domain are dependent on the aqueous 
phase solute concentration Ce. This dependence of Kj on concentration reflects the differing 
contribution of the linear and nonlinear components of total sorption at different concentrations. 
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The organic carbon normalized distribution coefficient, K*., decreased with increases in phenanthrene 
aqueous phase concentration, and the magnitude of the decrease is a function of the degree of 
nonlinearity. In other words, small values of n (such as 0.60 for the Webster soil) ted to large 
decreases in K*. as the concentration in the aqueous phase increased. The K*. for shale type sediment 
was three times larger, at the same low concentration, than any of the other sorptive type soils. The 
Kg,, for this shale decreased from 184 to 35 L/g as the aqueous phase concentration rose from 2.4 to 
660 ug/L. The values for twenty of the soils and sediments in this study were calculated at three 
different concentrations of I. 100, and 1000 ug/L of phenanthrene in the aqueous phase and plotted 
against total organic carbon. The base extracted soils and the shale sediment were excluded from 
these calculations. The calculated values ranged from 18-125 L/g at I ug/L, to 9.5-35.0 at 100 ug/L. 
and ranged from 6.1 to 23 at 1000 ug/L of phenanthrene in the aqueous phase. The strong 
concentration dependence of values of K*. certainly limits the notion of basing sorption behavior on 
correlation's of K*. with Kow or correlations of K* with C,, the water solubility. Four such 
correlation's result in K*. values of 12. 10.5. 18, and 6 L/g which are in the range of the values at 
a concentration of 1000 ug/L. However, these values underestimate the sorptive behavior of the 
majority of the soils by a factor of 2 to 8 times at concentrations less than 1000 ug/L. The authors 
conclude that the failure to consider nonlinear behavior at low solute concentrations will seriously 
impair the ability of models to predict fate and transport of HOC's in the environment. 
Isotherms of phenanthrene in soils and shales of different composition and geological age 
were investigated in another paper in the series of DRM papers by Huang and Weber ( 1997). These 
materials had widely varying elemental oxygen/carbon ratios (O/C) that was an indication of the age 
and degree of diagenesis of the SOM. A Canadian peat had an O/C ratio of 0.7 and contained the 
least altered SOM, while kerogens from different shales showed extensive alteration over millions of 
years and exhibited O/C ratios in the range of 0.1 to 0.3. Most of the humic samples in this study fell 
in an intermediate narrow range of O/C ratio of0.55-0.58. Isotherm nonlinearity in these soil and 
shale materials was directly correlated with the O/C ratio. The more reduced SOM was also 
correlated with higher sorption capacity and greater sorption-desorption hysteresis. The carbon-13 
NMR spectrum of the organic matter in these soils showed marked differences in signals and signal 
intensity from sample to sample. The NMR spectrum of the Canadian peat contained one very large 
signal and six smaller resonances while the kerogen samples exhibited only two resonances at 
frequencies that were only minor bands in the youngest SOM samples. In the Canadian peat the 
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major band occurred at a frequency indicative of methoxyl and other oxygenated carbon species, 
which suggested that a large proportion of this peat was made up of unmodified polysaccharide 
polymers. The smaller NMR peaks in this sample represented CH aliphatics ( lipids)-2 peaks along 
with three smaller bands representing aromatic/olefenic carbons and a somewhat more intense peak 
comprising carboxylic acids. The kerogen samples contained resonances that represented only 
aromatic/olefenic carbons and CH aliphatic carbons. There was an absence of peaks at resonances 
representing oxygenated carbon species. A Michigan peat had a reduced intensity (compared to the 
geologically younger Canadian peat) resonance peak representing C-0 and O-CH3 functionalities 
and a more intense band of aliphatic C-H species. This peat also had contributions from 
aromatic/olefenic species and from carboxylic acid carbons. The largest intensity resonance in the 
SOM of a Chelsea soil was from C-0 and O-CH3 functionalities as in the two peat samples. The 
intensity of this band decreased from 69% of the total in the Canadian peat to 43% in the Michigan 
peat sample to 32% in the Chelsea soil, and this band was absent in the spectrum of all the kerogen 
samples. The humic acids from this soil displayed four other peaks of roughly 16% intensity 
representing two species of aliphatic C-H carbons, aromatic/olefenic carbons and carboxylic acid 
carbons. In addition, a noticeable phenolic -OH carbon resonance was observed in the aromatic 
region of the NMR spectrum. 
Isotherms of the sorption of phenanthrene to these materials were fit with the Freundlich 
equation, and all fits had correlation coefficients above 0.995. All of the isotherms were nonlinear 
and the sorption to the kerogens was highly so as the n exponent was as low as 0.45 for the oldest of 
the shales. The peat and humic soils exhibited much less nonlinear behavior with n values in the 
range of 0.75-0.87 for sorption of phenanthrene. The Canadian peat sample had the highest value of 
n at 0.87 and exhibited no sorptton-desorption hysteresis. The sorption capacity, nonlinearity and 
hysteresis all increased as the age of the sorbent increased and its O/C ratios declined. The 
normalized capacity factor. K^., decreased linearly with the O/C ratio for these 10 sorbents at 
phenanthrene concentrations of 1 and 1000 ug/L. At 1 ug/L sorption capacity increased from 13 L/g 
for the youngest peat to over 1000 L/g for the youngest kerogens and to over 5000 L/g for some of 
the oldest type shale samples. At I ug/ml the log value was highly correlated (r = 0.92) with the 
inverse of the O/C ratio. The degree of nonlinearity, as expressed by the n exponent in the 
Freundlich equation, was also highly correlated (r = 0.91) with O/C ratios in these sorbents. Most 
significantly, sorption-desorption hysteresis was very highly correlated (r = 0.98) with the inverse of 
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the O/C ratio. Although not tested in this series, the Webster soil should exhibit moderate to high 
hysteresis based on an n value of 0.601 reported in an earlier paper, which makes this particular soil 
as nonlinear behaving as some of the shale samples that were investigated in this paper. This paper 
concludes with a discussion of the origins and properties of different types of kerogens and the 
implications of the different structures of SOM on sorption behavior. The kerogens in shales can 
originate from three different sources including microorganisms such as algae and bacteria, or from 
phytoplankton and zooplankton in the case of crude oil, or from vascular plants. Each of these three 
types of kerogens exhibits different H/C ratios and degrees of aromaticity. The type I kerogen from 
microorganisms is largely lipid in character and has a high H/C ratio and low aromaticity, while that 
derived from plankton has lower H/C and O/C ratios and moderate high aromaticity. The type III 
kerogen derived from vascular plants has low H/C ratios and high O/C ratio and greater aromaticity. 
The peats and humics examined in this study were dominated by methoxyl and other oxygenated 
aliphatic species along with carboxylic cations with most of the samples exhibiting a limited amount 
of nonlinear behavior (n > 0.845). This is in contrast to the soils and sediments studied in the 
previous paper in this series where most of the soils showed moderate nonlinear behavior (n = 0.75). 
The oxygenated SOM in the peats and humics would be expected to be readily hydrated with water 
and exist as an amorphous, swollen, flexible structure and display sorption behavior that resembles a 
pure partitioning process. In contrast, the kerogens are almost completely composed of aromatic and 
lipid structures that are not easily hydrated by water. The interactions of solutes with SOM in the 
shales may be dominated by van der Waals forces and the SOM may be rigid enough to contain a 
limited number of micropores that could be filled by hydrophobic solute molecules. Hydrophobic 
solute molecules that resemble structures within kerogens can also interact with condensed organic 
matter through a matrix expansion process where solute molecules penetrate interlayers between 
sheets of condensed aromatic matter. All of these processes would lead to nonlinear behavior and 
sorption-desorption hysteresis. 
The following paper. Huang and Weber (1998), in the DRM series examines the time course 
of phenanthrene sorption to seven EPA soils and sediments and six shale and kerogen samples. The 
EPA soils and sediments exhibited more nonlinear sorption behavior than the peats and humics that 
were examined in the previous paper. Sorption behavior was examined on time scales of minutes to 
months so as to follow the time course of sorption behavior. Freundlich isotherms were constructed 
for each sorbent at each time period with 12 to 24 different phenanthrene concentrations spanning 
several orders of magnitude. All isotherms were nonlinear with the exception of an EPA reference 
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sediment that demonstrated linear behavior for the first 30- to 60-min time period. Most of the soils 
and sediments were moderately nonlinear after 14 days of equilibrium with n values of 0.73-0.78. 
Two lesser absorbing sediments were more linear and had n values of 0.85 and 0.89. The sorption 
behavior of the shales and kerogens was highly nonlinear at all time periods although the earliest 
measurements were after one day of equilibration. However, most of the n values for these samples 
fell in a range 0.54-0.69 and over time decreased to extremely nonlinear values of0.39-0.45. The 
time for the attainment of equilibrium was highly dependent on the solute concentration and the 
structural properties of the SOM in each sorbent. The rate of approach to equilibrium was 
ascertained by using the fitted isotherm data to calculate single-point values of the solute sorbent 
concentration, q(t), at arbitrary values of residual/solution phase concentrations of 5 and 500 ug/L of 
phenanthrene. At low concentrations of 5 ug/L of phenanthrene, from a few to as many as 90 days 
was required to reach equilibrium in the soils and sediments while greater than 90 days was required 
for the shales and kerogens. At concentrations of 500 ug/L the soils and sediments reached 
equilibrium with the liquid phase in a matter of hours to a few days, while all but one of the shales 
still required extended time periods 5 90 days to reach equilibrium. The shale samples exhibited an 
initiation and logarithmic stage of sorption behavior as previously noted in some soil samples. The 
initiation stage lasted about 7 days in the shale samples, which is far longer than the IO-min initiation 
period of some soils. Calculated values of carbon normalized sorption capacities showed a wide 
range, especially at low concentrations. The magnitude of the K*. values varied from 65.6 for a 
sediment to 1352 for a shale to over 5000 for an isolated kerogen sample. Most of the shale and 
kerogen samples had not reached apparent equilibrium with the solution phase even after one year of 
exposure of phenanthrene. The approach to equilibrium was concentration dependent and the 
authors consider that sorption to shales and kerogens is not diffusion limited but relates to the ability 
of phenanthrene to solvate and swell condensed aromatic matter. The uptake rate is thus limited by 
the deformation and reconfiguration of the organic matter as phenanthrene is sorbed. 
In the next publication in the series, Johnson et al. (1999) extend the use of critical fluids in 
the study of HOC's interactions with soil organic matter. Subcritical water was used to modify a 
humic acid containing soil and study the sorption of phenanthrene to the modified soil. Subcritical 
water has a number of unique characteristics that were hoped would lead to a short-term method of 
simulating long-term diagenetic processes in humic acid modification in soils. The dielectric 
constant of subcritical water falls significantly with temperature, and as a fluid at 300o C more 
closely resembles the properties of acetone. In addition, a whole host of chemical reactions occur in 
55 
subcritical water such as deoxygenation, hydrolysis, aromatization, bond cleavage and autocatalysis. 
Siskin (1991) argues that reactions of humics in subcritical water are analogous to the reactions over 
geological time that transforms plant and animal material into kerogens and coals. Subcritical water 
at both 150° C and 250° C and pressures > 40 atm was used to extract organic matter from a Chelsea 
soil of 5.6% organic carbon. A ten-hour extraction at 250° C removed about 50% of the organic 
matter, while only 16% was removed by extraction at 150° C for 3 h. Carbon-13 NMR revealed that 
the aromatic fraction of the soil organic matter increased from 23% in the original soil to 66% in the 
soil modified at 250° C even though half the organic matter was extracted. About 20% of the effluent 
from the extracted soil consisted of aromatic forms of organic carbon so the subcritical water process 
was generating new aromatic material in the soil. The sorption properties of the modified soils 
became more nonlinear and of higher normalized capacity as a function of the extraction time. The n 
exponent in the Freundlich equation declined from 0.72 in the original soil to 0.63 after 0.5 h of 
extraction and declined to 0.56 with 10 h of /extraction/modification with 250° C subcritical water. In 
addition, the K*. value increased from 78 L/g in the original soil to a value of 1 ! 80 L/g in the 10 h 
modified soil. This last figure is within the range of the sorbent properties of shales that were 
investigated in earlier papers. The nonnormalized distribution coefficient. K^, increased by nearly 
10-fold c en though 50% of the organic carbon was removed from the soil. Despite the high capacity 
and nonlinearity of the modified soil this sorbent did not display sorption-desorption hysteresis. 
The next paper in the series by Johnson et al. (2001a) described elemental and chemical 
characteristics of a geologically young peat sample modified by subcritical water treatment. The 
treatment resulted in SOM that was elementally and chemically similar to a bituminous coal. The 
modified peat also displayed phenanthrene sorption characteristics similar to kerogen samples with 
the exception of a lack of sorption-desorption hysteresis. Ten hours of subcritical water treatment at 
250° C removed 60% of the organic matter and the (O/C) ratio changed from 0.64 to 0 JO. Over this 
time period the H/C ratio dropped from 1.38 to 0.86 with both of these ratios being indicative of a 
Type III kerogen material. Carbon-13 NMR showed that carbohydrate signals decreased from 50% 
of the total carbon intensity to 6% upon modification. The aromatic portion of the carbons increased 
from 25 to 60%, and aliphatic functionalities increased slightly from 18 to 26% of the total. The 
NMR spectra of the modified peat after 10 h of treatment was very similar to that of many sub-
bituminous coals with the exception of a band representative of phenolic carbon in the modified peat. 
FTIR spectra confirmed the loss of carbohydrate types along with amine groups and the increase in 
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aromatic and aliphatic carbons. The sorption characteristics of the peat were drastically modified as 
the normalized capacity factor increased 25-fold and isotherms increased in nonlinearity from 0.86 to 
0.59 upon treatment. Subcritical water treatment of a shale sample containing 8.27% organic carbon 
resulted in only slight losses of organic matter and had little to no effect on sorption isotherms. 
In the most recent paper in the DRM series, Johnson et al. (2001 b) explores the 
characterization and modeling of desorption rates of phenanthrene from soils and shales. 
Phenanthrene, at various concentrations, was loaded to three different soils and then after a variable 
aging period was desorbed by infinite-dilution technique into Tenax polymer. At specific times the 
polymer was separated from the soil/liquid phases followed by extraction and analysis of 
phenanthrene. Desorption curves with time were constructed from the analysis data using the ratio of 
the mass of phenanthrene in the soil at the time of analysis to its initial spiked value, i. e. q^o-
Desorption was studied over a period of 275 days and mass balance indicated 90 to 110% recovery in 
selected trials indicating biological activity was not a factor. The desorption data versus time graphs 
were all biphasic in appearance. Six models were tested in fitting to the experimental desorption 
data. These models were a biphasic rate model, a triphasic rate model, a biphasic polymer diffusion 
model, a gamma model, and two different pore diffusion models. Both of the three-parameter, 
biphasic models fit the data the best, with the polymer diffusion model giving best overall fit to all of 
the fifteen desorption curves. The worst fit was for a single-parameter pore diffusion model. 
Addition of an instantaneous desorbing fraction term to the pore diffusion model improved fit. but all 
other models were still superior. The five-parameter triphasic model suffered from computational 
problems that required guesses prior to computation to avoid getting stuck in local minima and reach 
global minima as far as minimal sum of squared residuals were concerned. The gamma model with 
only two parameters fit the data well, but interpretation of the parameters did not seem to have a 
physical or mechanistic meaning. The biphasic rate model seemed more interprétable as it divides 
the solute into two compartments that desorb at different rates. The results of model fits that divide 
the solute between a rapid and slow fraction match the graphical data to a high degree in all cases. 
The polymer diffusion model is also a two-compartment model, but some of the fits seemed to assign 
too much solute to one of the compartments in some of the cases. In addition, the ratio of the slow 
and fast rates in both the rate and polymer diffusion model closely match one another. Several other 
papers by this group have further investigated the structure of soil organic matter in the wake of 
criticism of the polymer rubbery/glassy model by Graber and Borisover (1998). 
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Leboeuf and Weber (2000a) more fully explored the glass transition behavior of a 
commercial humic acid and compared its thermodynamic behavior to other natural and synthetic 
polymers. They also investigated relationships between the sequestration of HOC's to glass 
transition temperatures. Variable heating rates resulted in humic behavior in accord with glass 
transition theory and added weight to the finding of glass transitions in humic and fulvic acids by 
Leboeuf and Weber (1999) and Young and Leboeuf (2000). No glass transitions, however, were 
found in several samples of kerogen isolated from shales. Marked glass transitions were expected in 
these highly aromatic samples although the experimental apparatus only could reach 110° C while 
kerogen from coal typically displays Tg above 300° C. Relaxation enthalpies of the humic acids 
were smaller than most of the synthetic polymers, through the glass transition, but were significantly 
above the lower criteria for glass transitions. Water interacted with the humic acids and synthetic 
polymers to lower their glass transition temperatures, Tg. The magnitude of the drop in TE was 
highly correlated with the solubility parameter of the polymers. Humic acid with a solubility 
parameter of 11.5 cal/cm^ displayed a drop in Tg of 19° C while three synthetic polymers with 11.1. 
10.0 and 8.65 solubility parameters displayed drops of 17,9. and 5 C°. respectively. The humic acid 
took up about 75% more water than the least soluble of the synthetic polymers, and the enthalpy 
relaxations were smaller in the wet state than as a dry polymer. The drop in glass transition 
temperature and relaxation heats upon wetting may indicate disruption of hydrogen bonds and van 
der Waals interactions in swelled solution phase. 
Leboeuf and Weber (2000b) investigated phenanthrene isotherms on the sorbents 
characterized by calorimetry in the previous paper. Isotherms were evaluated by fitting with the 
Freundlich and DRDM models. Isotherms on four of the sorbents were linear with three of the 
sorbents having water-wet glass transitions below the experimental temperature. Isotherms on the 
other sorbents were nonlinear and these sorbents had water-wet glass transitions above the 
experimental temperature. The degree of nonlinearity correlated well with the magnitude of the To of 
these sorbents. Plots of DRDM fits to the isotherm data for different sorbents illustrated the relative 
contributions of nonlinear Langmuir sorption and linear partitioning of phenanthrene to overall 
sorption. Below solution phase concentrations of about 50 ug/L, nonlinear sorption dominates over 
simple partitioning in humic acids. Above concentrations of 200 ug/L the partition mechanism is the 
dominant mode of overall sorption. The nonlinear component of sorption in coals is much more 
dominant than the nonlinear contribution of peat humic acids at low concentrations. Desorption 
isotherms were also measured with these sorbents which allowed calculation of a hysteresis index. 
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Hysteresis was significant in sorbents that contained glassy regions while it was absent from sorbents 
that were in a rubbery state at the temperature of the experiment. Hysteresis in natural sorbents 
followed the degree of diagenetic alteration of the sorbent with cellulose showing little hysteresis, 
humic acids showing a measurable amount and kerogens exhibiting substantial hysteresis. 
Johnson and Weber (2001 ) extended the use of subcritical water to the prediction of rates of 
desorption of HOC's from soils and sediments. Soils and sediments were loaded with phenanthrene 
over a period of 3 mon prior to drying and desorption with subcritical water. Desorption rate data 
was modeled with a biphasic two-compartment, first-order rate model that fit the data extremely well. 
Modeled desorption rate data at different temperatures was used to calculate apparent activation 
energies of the desorption process for the slowly desorbing fraction of phenanthrene. The Arrhenius 
equation and apparent activation energies were used to translate desorption rates at the elevated 
temperatures to desorption rates at room temperature. Desorption of phenanthrene in the three 
different sorbents at high and low loadings were conducted at room temperature over a period of 600 
days. The predicted curves from the activation energy calculations with subcritical water matched 
the room temperature desorption data to a high degree especially for a shale and soil sample where 
predicted curves differed by about 3% and 10%. respectively. All desorption data at room 
temperature fit within 95% confidence intervals of the predicted curves from the subcritical water 
experiments. Previous papers by this group detailed experiments with subcritical water that had 
altered the SOM of soils and peats at a temperature of 250° C for up to 10 h. The correlation of 
subcritical water desorption with room temperature desorption would be tenuous if the soil organic 
matter was altered by the experiment. It was shown that the sorption characteristics of the soils and 
sediments were not altered by the subcritical water desorption at 150° C. In addition, desorption 
from the most labile soil with subcritical water was biphasic. with the slow fraction exhibiting a rate 
constant two orders of magnitude lower than that for the rapidly desorbing fraction. Apparent 
activation energies were in the range of 40 to 80 kJ/mol. These energies are consistent with those 
found in hindered diffusion in polymers which average 60 kJ/mol but can exceed tOOkJ/mol in glassy 
polymers. Hindered pore diffusion energies typically are of lower activation energy and range from 
10 to 50 kJ/mol. These authors mention other studies of HOC desorption from soils and sediments 
with apparent activation energies in the 60 to 70 kJ/mol range for chlorobenzenes. PCB's. PAH's. 
and EDB. 
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Summary of DRM Model 
The fourteen papers in the DRM series laid the conceptual basis for nonlinear solute sorption 
and desorption in soils and sediments. Through a variety of experiments, nonlinear behavior was 
demonstrated along with competitive affects, hysteresis, and concentration-dependent capacity 
factors. Correlations of carbon normalized capacity factors with hydrophobicity of the solute were 
shown to be invalid except in cases of very high solute concentrations. Soil organic matter was 
envisioned as a polymer that contains amorphous and condensed regions that interact with solutes 
through different mechanisms corresponding to solute behavior in "rubbery" and "glassy" regions of 
synthetic organic polymers. For the first time, a glass transition was demonstrated in a soil derived 
humic acid, in both wet and dry forms, demonstrating that the glassy polymer model has a physical 
basis. It was shown that natural sorbents of geologically older soil organic matter were extreme 
examples of nonlinear sorption/desorption behavior. Geologically young soil organic matter was 
dominated by carbohydrate and other oxygenated carbon species, while older material became more 
aromatic in character and contained little if any carbohydrate-like functionalities. Subcritical water 
was able to "age" soil and peat samples so that they quickly came to resemble geologically old 
organic materials in elemental and chemical composition as well as in nonlinear sorption behavior. 
The mineral component of soil was only a minor contributor to HOC's-soil interactions, except 
perhaps with swelling clays in low carbon aquifer material. 
Miscellaneous Modeling 
Approaches to the modeling of HOC interactions with soil have used either a diffusion-type 
or rate-type model. These models have almost exclusively focused on the desorption phase of the 
movement of HOC's and pesticides from the soil or solid sorbent phase to a liquid or vapor phase. 
The uptake phase or sorption phase has usually been described by isotherms, which lack a time 
component. Weber and Huang ( 1996) and Huang and Weber ( 1998) developed phase distribution 
relationships that examined the sorption phase with time by calculating changes in Freundlich 
parameters. Sorption-desorption behavior has been modeled simultaneously in some studies such as 
elution of HOC's and pesticides from and through soil columns. Miller and Pedit ( 1992) developed a 
sophisticated model that described the sorption and degradation of lindane in Wagner shale material 
of 0.08 % organic carbon. These authors used a surface diffusion model with a reactive component. 
The model required six parameters that described diffusion, degradation and equilibrium processes 
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with each process requiring two parameters. The diffusion process was modeled as a dual-resistance 
type with both boundary layer and surface diffusion mechanisms. Degradation rates in the solution 
and solid phases were necessary because of dehydrochlorination of lindane in both phases over the 
time course of the experiment. Equilibrium between the solution and solid phases was modeled with 
the Freundlich relationship that required determination of Kf and n. The approach to solution of this 
multiparameter model required six different experiments and the simultaneous solution of five 
differential equations after estimation of the six necessary parameters. The model was validated by 
two additional desorption experiments and overall fit was about 2% to the experimental data: 
however, it underestimated some points by as much as 25%. The model gave an excellent fit to 
solution and solid phase concentrations of lindane over time during sorption and degradation phases 
as Wagner soil was exposed to lindane in solution. The model was able to estimate most of the 
hysteresis that was observed experimentally, but in all cases underestimated this phenomena by about 
30% at all data points. With this last result the authors question whether adjustments in two highly 
correlated parameters would have given a better fit and whether a pore diffusion model might be 
more appropriate. 
Pedit and Miller (1995) examined four pore diffusion models for application to sorption-
desorption of HOC's in natural sorbents. The four models were constructed with variations of 
particle size and sorbent-solute equilibrium. The simplest model assumed a single particle size with 
uniform sorptive behavior identical to the experimentally determined bulk value. A second single 
particle class model (SP-EP) allowed two sorption rates, i. e. an instantaneous equilibrium and rate-
limited equilibrium. This model has been used to obtain excellent fits to experimental data by Ball 
and Roberts (1991), Pignatello et al. (1993), Brusseau and Rao (1989) and Brusseau (1991). A more 
complicated single particle model (SP-LN (Q0)) treated sorptive properties as a lognormally 
distributed variable that was discretized into thirteen divisions. The most complicated model ( MP-
LN (Q0)) added three particle classes along with thirteen sorptive property divisions. These models 
were evaluated by fit to desorption of a phenylurea herbicide, diuron. from Wagner aquifer sand. 
The two models that allowed a distribution of sorptive behaviors were better able to fit the 
experimental data. The SP-P and SP-EP models underestimated desorption at the time extremes and 
overestimated the middle time expanse of the desorption curve. Sensitivity analysis of the SP-EP 
model revealed that the optimal parameter values for models that invoke an instantaneous equilibrium 
fraction were dependent on the amount of data collected during early times. As data prior to 239 h 
were removed from the experimental data the magnitude of parameters changed by up to four fold. 
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These authors note this effect in the work of Ball and Roberts (1991) also. The parameter values of 
the SP-LN (Q0) model were insensitive to the timing of early data collection before 239 h. but with 
removal of data beyond this point the optimal value of the particle diffusivity changed by more than 
two orders of magnitude. Incorporating multiple particle sizes into the model had little effect on 
model fit compared to the SP-LN (Q0) model. This suggested that equilibrium variations within the 
soil are more important than particle size variations and comparison of parameters between models 
furthered this conclusion. The authors fail to realize that this conclusion undercuts the basis of all 
pore diffusion models as diffusion lengths are directly tied to particle size. 
Farrell and Reinhard (1994) investigated desorption of TCE from model solids, soils, and 
sediments at 100% relative humidity. Desorption occurred over two time scales with all solids 
having both a fast and a slowly released fraction. Model silicas with precise and uniform pore and 
particle sizes were used to study the effect of physical parameters on the desorption process. Pore 
diffusion models were fit to the data but could not account for the behavior of the slowly desorbing 
fraction in any of the model solids, soils, or sediments. It was found that physical parameters 
including internal porosity, organic matter content, internal surface area, pore size, and particle size 
did not correlate with the fraction of slowly desorbing TCE. The Freundlich exponent, a measure of 
nonlinearity and site heterogeneity, was the only parameter that correlated inversely with the amount 
of the slow desorbing fraction. The authors conclude that pore diffusion can model the behavior of 
perhaps 90% of the mass of desorbed chemical from these highly loaded sorbents but another process 
and mechanism is needed to account for the slowly desorbed fraction. Experiment after experiment 
in this paper points to the presence of micropores of molecular dimensions as sites for energetic 
sorption of TCE. Micropores of molecular dimensions (< 20 Angstroms) would conflict with the 
assumption of a continuum in properties and behavior across the pore size spectrum, which is implicit 
in all pore diffusion models. Micropores could represent singularities with unique behavior toward 
solutes depending on size and other properties. Three specific effects of microporositv would be 
expected based on steric hindrance, increased sorption energetics, and increased surface area to 
volume ratios as pores become smaller. The authors point to the success of others with pore diffusion 
models but point out that limited concentration ranges and limited time of observation did not allow 
resolution of a slow fraction. Thus model fits may obscure other mechanisms at lower concentrations 
or extended time periods, with the possible result that fits are based on an inappropriate physical 
model and mechanism. It was also pointed out that for physically meaningful parameters, the length 
scale of diffusion has to be the particle radius in pore diffusion models: otherwise the model becomes 
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nonmechanistic with a fitting parameter. This kind of nonmechanistic bases for fit may explain the 
inconsistent effects of particle size on sorption and desorption observed by others. Steinberg et al. 
( 1987) found rates of release of EDB from two soils to be only weakly dependent on particle size yet 
pulverization greatly increased the desorption rate. Ball and Roberts (1991) found that pulverization 
increased sorption to their sorbent particles, but the increase was less than expected based on pore 
diffusion parameters derived from the unpulverized material. Pignatello et al. (1993) observed that 
the extent of desorption of "aged" atrazine and metolachlor from soils was independent of particle 
size across the spectrum from clay to sand materials, although they modeled the release with a 
diffusion model. 
Carroll et al. (1994) describe desorption of PCB's from Hudson River sediment within a 
diffusional framework with excellent fits and found that rates are independent of particle size and 
pulverization. Desorption from these sediments was biphasic in character and heat and caustic 
treatment increased the rate of desorption while desorption rates were unaffected by pulverization of 
the sediment. The experimental data were fit with an intraorganic matter diffusion model with 
desorption from rubbery and glassy polymer types postulated as the regions that account for the fast 
and slowly desorbing fractions. Over half of the residual PCB was desorbed from these sediments in 
the first day, while only half of the remaining resistant fraction desorbed in a time period of I year. 
The rate constant for the resistant fraction was independent of the level of PCB contamination over a 
10-fold concentration range and was calculated at 0.005 day'1. The total amount of PCB's in 
different sediments and sediment fractions were only weakly correlated with the total organic carbon 
content of the sediments. However, the amount of the resistant or slowly desorbing fraction was 
highly correlated with the amount of organic carbon in the sediment or sediment fractions. The 
authors discuss and reject a two-compartment kinetic model that divides HOC's into a labile and 
resistant fraction with associated rates for each fraction as being nonmechanistic. The model 
developed by the authors has its basis in diffusion of organic contaminants in polymers and requires 
an estimation of the diffusion coefficients in the two hypothesized phases of the humic acid polymer. 
Diffusion coefficients for the PCB's in the rubbery and glassy phases were calculated from properties 
of the humic acid polymer (Permacor) and the permeant diameter of 4-chlorobenzene in glassy 
polystyrene. The diffusion coefficients were on the order of 10"™ cm'/sec in the swollen rubbery 
phase and 10"21 cm'/sec in the condensed glassy phase of the humic acid polymer. It was not clear 
from the discussion how these values were arrived at as the calculation of only two of the seven 
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required parameters was discussed. The form of the final equation for modeling PCB desorption 
was similar to the two-compartment rate model only with two diffusion coefficient/diffusion distance 
terms replacing the two kinetic terms. 
Schlebaum ( 1999) developed a kinetic model with two separate compartments to describe 
nonlinear sorption of pentachlorobenzene (QCB) to soil. One compartment in this model was 
described in terms of the Freundlich isotherm and was assumed to represent sorption to high-energy 
sites. The second compartment was governed by first-order kinetics and described by a linear 
isotherm. The kinetic model was chosen instead of the more complicated intraparticle porosity and 
intraorganic matter diffusion models, as the latter two require knowledge of characteristics that are 
not measurable. In this study, the effect of loading history and contact time on desorption kinetics of 
the slow-desorbing fraction was investigated. Soil suspensions were loaded with QCB via the gas 
phase for a period of four weeks and desorption from the soil suspensions was also via the gas phase 
through purging of the soil suspensions with N: at 20° C. With an initial high concentration loading 
of QCB. the magnitude of the slow-desorbing fraction was independent of contact time. Thus 
desorption curves of QCB from soil purged directly after the loading phase and from soil stored for 
six weeks following loading were identical when a high concentration of QCB was loaded onto the 
soil via the gas phase. By contrast, when a low initial concentration of QCB was loaded onto the soil 
desorption curves were dependent on the contact time. Thus, in soil samples with a low initial QCB 
concentration, the desorption rates decreased and the magnitude of the slow-desorbing fraction 
increased as contact time after the loading phase was increased. The effect of concentration on the 
magnitude and rate of desorption indicate that the high concentration samples are at equilibrium 
while the samples with a low initial loading have not reached equilibrium. Desorption experiments 
were also conducted with an interrupted purge regimen. Soil loaded at a high initial QCB load was 
purged for 48 h to remove the fast-desorbing fraction and then the purge vessel was capped and 
stored for 28 days with end-over-end mixing. After the storage period, the soil suspension was again 
purged with N:. A fast-desorbing fraction was present in the soil after the 28-day mixing period 
indicating that some of the slow-desorbing fraction had migrated to and equilibrated with the soil 
fraction responsible for the fast-desorbing fraction. The magnitude of the fast-desorbing fraction in 
the second purge was substantially less than in the first purge especially when compared to the 
amount in the slow-desorbing fraction. Since the time period of the initial adsorption and the time 
period following the first purge were both 4 weeks, the reequilibration is substantially slower than the 
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initial sorption. This behavior is consistent with nonlinear sorption and implies that at high initial 
concentrations equilibration is reached faster than at low initial concentrations. High initial 
concentrations can thus be a driving force for the formation of large fractions of slow-desorbing HOC 
in a short time period. 
The kinetic model was fitted simultaneously to the desorption that occurred in two steps as 
just described and also to the continuous desorption curve from a soil suspension with a low initial 
QCB concentration. The validity of the fitted model was tested by predicting the desorption curve for 
the soil suspension loaded at a high initial QCB concentration and also for a soil loaded at a low 
initial QCB concentration and a contact time of 10 weeks (4 weeks of loading, 6 weeks of storage). 
The kinetic model gave very good fits to the data for the two experiments that were used for 
validation of the model. The desorption rate constants (0.251 h"1 and 0.00159 h"1. fast and slow 
fractions) were significantly slower than the gas purge rate (5.28 h'1) implying that the measured 
desorption rates were not limited by the purge rates. The parameters obtained in these experiments 
and fitted to the kinetic model were used to simulate the effect of four different purging strategies on 
the removal of the slow-desorbing fraction. These four purging strategies were ( 1 ) continuous 
purging, (2) intermittent purging with cycles of 48 h of purging followed by 4 weeks of rest. (3) a 
100-fold reduction of the purging rate constant after 720 h of purging, (4) a reduction of the purging 
rate constant to a value equal to the slow-desorption rate constant after a period of 720 h. The 
continuous purging at a high purge rate was the fastest way to reduce both the bound and aqueous 
QCB concentration. With the 100-fold lower purge rate after 720 h. the aqueous QCB concentration 
increases significantly but removal of bound QCB is only slightly retarded. This indicates that the 
desorption rate constant is the rate-limiting factor for removal of the slow-desorbing fraction of QCB. 
Reduction of the purge rate to that of the desorption rate (a 3422-fold reduction) showed a 
dramatically slower removal of QCB from the slow-desorbing fraction. Intermittent purging requires 
a longer time period to reach a low level of bound QCB. but the total purging time is shorter than 
with continuous purging. An unwanted side effect of the intermittent purging is that aqueous phase 
QCB concentrations increase by 1000-fold during the rest periods. The simulations show that after 
removal of the fast-desorbing fraction, efficient removal may be obtained at very low purge or 
removal rates. This study showed that sorption/desorption of QCB to soil could be described with a 
two compartment kinetic model with a slow-desorbing fraction being attributed to a limited number 
of high affinity sites. 
65 
Ahn et al. (1999) developed and compared three models for their ability to predict the 
sorption/desorption behavior of polycyclic aromatic hydrocarbons (PAH) to soil. The three models 
were a gamma model, a two-site nonequilibrium model, and a hybrid model. The hybrid model 
divided soil organic matter into two compartments, with one compartment having rapid 
sorption/desorption kinetics and the second compartment having mass-transfer limited kinetics. PAH 
contaminants in the rapid compartment was assumed to be in instantaneous equilibrium with the 
aqueous phase, while the release of contaminants from the slow fraction were assumed to be 
governed by a gamma distribution of rate constants. The hybrid model was developed in batch 
sorption experiments with naphthalene and incorporated into a transport model that was validated in 
independent soil-column experiments with no adjustable parameters. 
Ahn et al. (1999) also discuss the intraparticle diffusion model where tortuous paths and 
small pores within soil aggregates are envisioned as the controlling mechanism in the release and 
uptake of contaminants. Intraparticle diffusion models based on this mechanism have been unable to 
completely describe the extensive tailing exhibited in some breakthrough curves and elution profiles 
of organic contaminants from soil columns. Two-site and two-region models have suffered the same 
shortcoming, as both of these models are also unable to explain the tailing of breakthrough curves 
over long time periods. These models have been successful in describing the overall biphasic 
character of contaminant release from soils and sediments but have not accounted for all of the slow 
release of contaminants from soils. Recent approaches to modeling of contaminant release have 
incorporated a stochastic approach with a continuous or gamma distribution of rate or diffusion 
coefficients and/or the sorption equilibrium constant. The use of a gamma distribution of rate 
coefficients in these recent approaches assumes a continuum of physical compartments within a soil 
aggregate with each compartment having its own desorption rate coefficient. The gamma distribution 
requires two adjustable parameters and therefore is somewhat comparable to two-site kinetic models. 
Batch isotherm experiments were used to determine a value of 33.5 for sorption of naphthalene to 
this soil of 2.26% organic carbon with a resultant value of 1470 mL/g. Experiments with 
desorption of naphthalene from soil into fresh aqueous solution over a period of 25 days was used for 
parameter estimation and comparison of models. An initial rapid release of naphthalene over a 
period of hours was followed by a much slower release that reached 80% of the equilibrium isotherm 
value after 25 days of desorption. The gamma model was able to fit the desorption data for the slow-
desorbing fraction that was released after the first few days of desorption but was unable to 
66 
adequately account for the initial rapid release of naphthalene. The majority of the rate constants in 
the gamma model were in the range of 1 x 10"3 to 1 x 10"5 min~l, with about 20% of the rates shorter 
than I h. However, the model could not satisfactorily mimic the initial rapid release of naphthalene 
with the fitted parameters of a = 0.178 and (3 = 60 min in the gamma distribution equation. The two-
site kinetic model with 46% of the sorbed naphthalene in an instantaneous fraction, and a desorption 
rate constant of 0.0000209 min"1 was unable to follow the desorption data in the slow-desorbing 
phase of naphthalene desorption. A combination of these two models into a hybrid was able to 
predict both the initial fast release of naphthalene and the slow-desorbing phase of the desorption rate 
data without fitting to the experimental data. In the hybrid model the fraction of naphthalene in the 
instantaneous fraction was 0.299 and the gamma parameters were a = 0.13 and (3 = 90 min. Similar 
results were obtained when the three models were adapted to a transport model for describing the 
elution profile of naphthalene from a soil column. The gamma model failed to describe the early fast 
release of naphthalene from the soil, while the two-site kinetic model did not predict the elution 
behavior of the slow-desorbing fraction. The hybrid model successfully predicted the elution 
behavior of naphthalene with no adjustable parameters. This study showed that sorbent site 
heterogeneity led to the necessity of a distribution of rate constants in order to describe the release of 
the slow-desorbing fraction and that a portion of the sorbate needs to be assigned to a fast releasing 
fraction. 
Werth et al. (2000) developed a model of the slow desorption of HOC's from soils and 
sediments by studying desorption as affected by temperature perturbations. The model envisioned 
slow desorption as release of HOC's from hydrophobic micropores with a gamma distribution of 
diffusion or rate constants. The desorption of contaminants was also characterized as an energetic 
process that required overcoming an activation energy (EKt) before release from the micropores could 
occur. These authors summarize the results of studies that show that natural organic matter can be 
classified into two broad categories consisting of soft amorphous organic matter and hard or glassy 
organic matter. The latter category consists of organic matter that has undergone diagenetic 
alteration and/or of soot or charcoal particles. Studies of hard organic matter suggests that pore 
spaces are rigid, hydrophobic, and microporous (<20A). tn their review of the application of the 
intraparticle diffusion model to slow desorption of HOC's. they note that in all cases the diffusion 
rates or distribution of rates were arrived at through curve fitting. Efforts to correlate the fitted rates 
to structural properties of the sorbent have thus been speculative, and the models lack physical 
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validation and have tenuous predictive capabilities. The assumptions in development of this model 
that are supported by previous work include I) fast desorption is instantaneous compared to slow-
desorption, 2) slow-desorption is controlled by one-dimensional diffusion from hydrophobic 
micropore spaces, 3) all micropores are universally contaminated before desorption. and 4) 
micropores empty to fast desorbing spaces. It was also assumed that a one-dimensional form of 
Pick's second law approximated the diffusion from micropores. In this law. the diffusion rate and 
length scale of diffusion are two separate parameters, which for this study were inseparable, with the 
result being a diffusion rate constant. One-dimensional diffusion in micropores is also treated as an 
energy activated process. These authors note studies of diffusion of HOC's in zeolites and the effect 
of micropore diameter. The diffusion rate of alkanes in zeolite 5A with 4.4 A pores is 10-fold higher 
than that in zeolite 4A with pores that are 3.8 A in diameter. In zeolite 4A. activation energies 
increase from 28 to 68 kJ/mol for the desorption of ethane versus that of the much larger zz-nonane. 
Diffusion of chlorinated benzenes in hard polymers like polystyrene is also an energy activated 
process, and energies in the range of 80 to 90 kJ/mol are required for diffusion to occur. An energy 
of activation of 42-66 kJ/mol was reported for the diffusion of toluene in humic acid. 
In this study, each micropore had a diffusion rate constant at the two temperatures that were 
applied to the sorbent. The ratio of these two diffusion rate constants allowed calculation of the 
energy of activation for diffusion from the micropore. This in turn allowed calculation of the 
increase in mass flux from different micropores as a temperature increase was instantaneously 
applied to the sorbent. The flux increase upon an increase in temperature was greatest for micropores 
with the highest activation energies and therefore the smallest diameter. The flux increase closely 
followed the ratio of the activation energies of tne diffusion process as a more than a two-fold 
increase in flux occurred for micropores with of 70 kJ/mol compared to pores with an EK, of 30 
kJ/mol. With micropores universally contaminated before a temperature perturbation, the 
temperature increase causes those pores with the highest activation energies to empty first. At 
constant temperature just the exact opposite phenomena occurs as micropores with the lowest 
activation energies empty much sooner than micropores with narrower diameters and higher 
activation energies. The flux at constant temperature is more than 100-fold greater from micropores 
with energies of activation of 30 kJ/mol compared to the flux from pores with activation energies of 
110 kJ/mol. Micropores with activation energies of 30 kJ/mol take about 1000 min to empty while 
those with activation energies of 50 kJ/mol empty in a period of 10,000 min. This means that after 
saturation, the flux at early times is controlled by diffusion from wide pores with low activation 
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energies, while at long time intervals, the total flux is controlled by diffusion from micropores with 
high activation energies. Other simulation results dealt with the effects of changing the underlying 
parameters that determine the gamma distribution of rate constants and the resultant effects on the 
desorption flux as influenced by temperature perturbations. Specifically, the distribution rate 
constant and shape factor were modified so that one gamma distribution of rate constants was created 
at the lower temperature and two gamma distributions at the higher temperature. With a constant 
shape factor and different magnitudes of the diffusion rate constant the effect of heating on the flux 
rate is the same at all time periods. These results show that with a constant shape factor the energy 
required for diffusion is the same at all time periods. Similarly, the relative mass remaining is the 
same at all time periods. A higher ratio of the diffusion rate constants at the two temperatures 
resulted in a greater increase in the flux as a result of the application of heat and also a larger value 
for the activation energy. This also implies that the energy required for desorption to occur is greater 
in sorbents characterized by smaller diameter micropores. Changing the shape factor parameter in 
the gamma distribution of rate constants made the increase in flux dependent on the time of the 
change in temperature. Thus, the relative increase in flux was greater at longer time periods when a 
larger value of the shape factor was used with the gamma distribution associated with the second 
temperature. As a result, the mass remaining decreased more rapidly at the longer time periods with 
the larger shape factor. These results indicate that when desorption occurs from micropores of 
different diameters, desorption is controlled by diffusion from successively smaller diameter 
micropores with increasing time. The greater the ratio of the shape factors at the two temperatures 
the greater is the increase in flux with heating. At longer time periods with a variable shape factor, 
the energy of activation becomes successively larger as desorption occurs from smaller diameter 
micropores. This study simulating desorption showed how temperature effects can be used to study 
micropore structure within natural sorbents. 
In the second paper in this series, Castilla et al. (2000) presented results of temperature 
stepped desorption (TSD) experiments on desorption of trichloroethylene (TCE) from soil. sand, and 
sediment columns. TCE was sorbed onto the sorbent materials in the gas phase at 30° C and then 
purged until the temperature step to 60° C at either 100, 1000. or 10,000 min of desorption. 
Desorption profiles were then simulated using a single gamma distribution of rate constants at 30° C 
and a single gamma distribution of rate constants at 60° C at all heating times for each sorbent. At 
each heating time, the gamma distribution of rate constants was used to calculate an effective 
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activation energy. The diffusion rate constants and shape factors used in the calculation of the 
gamma distributions for each sorbent had been previously determined in other studies using 
isothermal desorption of TCE from these same materials. Shape factors for the sand, sediment, and 
soil were well below a value of I which is indicative of diffusion in micropores characterized by a 
distribution of diameters with the smallest shape factor being that for the sand. Model flux profiles 
were either coincident with or close to experimental values at all heating times for all three natural 
sorbents. These results indicate that a single gamma distribution of rate constants at 30° C and a 
single gamma distribution at 60° C is sufficient to describe the TSD profiles at all three heating times. 
The values of the effective activation energy for all three natural sorbents were in the range of 47 to 
94 kJ/mol. These values are in the range of the activation energy for diffusion in microporous 
mineral solids and for microporous hard organic polymers. The activation energy for all three natural 
solids increased with time of heating indicating that desorption occurred first from relatively large 
diameter micropores. The activation energy in the sand material increased by a factor of 1.7 from a 
heating time of 100 minutes to a 10,000 min heating time. This increase in activation energy is 
indicative of desorption from successively smaller pores as desorption time increases and the mass 
remaining decreases. The activation energies in the soil remained at a relatively constant but high (90 
kJ/mol) value with heating time indicating diffusion from small diameter micropores at all heating 
times. The activation energy of the sediment was also fairly constant with heating time but was only 
half the magnitude of the activation energy in the soil. This lower activation energy was attributed to 
larger diameter and/or length pores. This study suggests that micropore geometry is an important 
parameter in determining the rate of slow desorption of organic pollutants from natural solids. 
Bjorklund et al. (1999) studied the desorption behavior of PCB's from historically 
contaminated sediments through the use of selective supercritical fluid extraction (SEE). Four 
temperature-pressure regimes were used to desorb PCB's with the fractions being assigned to a 
rapidly desorbing, moderate, slow, and very slow fractions. The four stepwise extractions started at 
40°C and 120 atm and finished at a temperature of 150° C and 400 atm pressure. This application of 
temperature was similar to the study by Castilla et al. (2000) with temperature stepped desorption. 
Five PCB-containing samples with different origins and levels of contamination were desorbed with 
supercritical C02 in this study. Four of the samples were certified reference samples and consisted of 
an industrial soil, river sediment, marine sediment, and harbor sediment. All five of the samples were 
environmentally aged. SFE has been shown to quantitatively extract freshly added PCB's under 
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relatively mild conditions. Higher temperatures or the addition of a modifier, or both, are necessary 
in order to quantitatively extract aged pollutants from soil or sediment. SFE has also been shown to 
give good recoveries of PCB's and PAH's from historically contaminated soils and sediments 
compared to conventional extraction procedures. Recoveries of individual PCB congeners with the 
conditions employed in the last extraction step were typically 75-110% of the certified values. 
Soxhlet extraction of the sediment after the four-step SFE extraction procedure sometimes recovered 
an additional 2-4% of the PCB congeners. The marine sediment and industrial soil contained the 
highest percentage of material that desorbed as the rapidly desorbing fraction in the first step of the 
SFE extraction procedure. Generally, 71-82% of the individual PCB congeners were desorbed from 
these samples with the mildest SFE conditions. By contrast, desorption from the river and lake 
sediment was only 30-50% into the rapidly desorbing fraction. In these samples, a substantial portion 
(25-44%) of the PCB mass desorbed only with the third SFE step as slow desorbing species. There 
was no relationship between the level of contamination of the samples and the percent desorbed into 
the rapidly desorbing fraction indicating that solubility of the PCB congeners in the fluid was not a 
limiting factor. One of the most contaminated samples released the largest percentage of material 
with the mildest extraction conditions and the most difficult sample to extract contained the least 
amount of PCB contamination. There also was no association of particle size or organic matter 
content with the extractability of the PCB congeners. Desorption profiles of PCB congeners from all 
the sediments were similar in shape in all four of the steps. There was an initial fast release of PCB 
as the extraction began or the conditions were changed followed by a constant flux rate. This 
behavior is similar to the desorption behavior of TCE from soils and sediments using TSD as 
explored by Castilla et al. (2000). Thus, desorption profiles of PCB's may be evidence for an energy 
activated desorption from micropores of different geometries. The authors deferred interpretation 
and modeling of their results to a second paper. 
Culver et al. (1997) simulated the desorption of TCE from contaminated soils using three 
different models. One model was a simple two-site equilibrium /kinetic model with one mass-
transfer rate while the other two models used a distribution of mass-transfer rates. The models with a 
distribution of mass-transfer rates used either a gamma distribution of rates or a Iognormal 
distribution of mass-transfer rates. Optimal sorption parameters in all the models were estimated by 
best fit to the experimental data. Field soil contaminated with TCE was desorbed into aqueous 
solution in both batch experiments and in column elution studies. Desorption of TCE from a 
decontaminated peat layer of the field soil was investigated in continuous flow stirred test reactors 
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(CFSTR). The field-contaminated soil contained 1.04% organic carbon while the peat layer 
contained 24% organic carbon. The initial concentration of TCE in the field soil was measured after 
extraction by a two-day hot methanol extraction procedure and was 1100 ug/kg. It was found that 25 
soil compartments, each with its own median mass-transfer rate, provided a sufficient number of 
mass-transfer rates. In batch desorption and column elution studies the models with a distribution of 
mass-transfer rates were superior to the two-site kinetic model. In the batch desorption experiments, 
the two-site kinetic model was unable to describe the general behavior of TCE desorption from the 
field contaminated soil. In the column elution experiments, the two-site kinetic model was only able 
to describe the first portion of the desorption profile while overestimating the aqueous concentrations 
for the entire portion of the slow-desorbing fraction. The gamma model was slightly better than the 
model with a lognormal distribution of rates in being able to describe the elution profile of TCE from 
the soil columns. Unlike Ahn et al. ( 1999) who used data determined in batch experiments to predict 
elution profiles from soil columns, the parameters in this study determined in batch desorption 
experiments were not transferable in describing the elution profile of TCE from soil columns. The 
distribution of rate constants in the batch desorption experiments were significantly different from 
those fitted to the column elution profiles. Thus parameters from the batch experiments could not be 
utilized in making predictions about desorption of TCE from soil in soil columns. The models with a 
distribution of mass-transfer rates were also better able to describe the desorption of TCE from the 
peat layer of this field soil in CFSTR systems. This study showed the superiority of models with a 
distribution of mass-transfer rates compared to a two-site equilibrium/kinetic model with only 
parameters for the distribution coefficient and one mass-transfer rate. 
Chen et al. (2000) investigated the irreversible' sorbed fraction of several chlorinated 
benzenes in a variety of sediments. The sorption/desorption behavior of five chlorinated benzenes, 
spanning a 20,000-fold range in water solubility, was studied in four sediments with organic carbon 
content that ranged from 0.27 to 4.1%. The authors note that sediment quality criteria established by 
EPA are based on an equilibrium partition model of HOC interaction with sediments. However, it 
has been observed that release of organic contaminants from sediments and soils is biphasic with both 
a fast desorbing equilibrium fraction and a slow-desorbing resistant fraction. The resistant fraction 
can be the greatest concern and creates the most uncertainty as it significantly affects chemical fate, 
toxicity, and risk to human and aquatic life. Sorption of the chlorinated benzenes (CB) to the 
sediment was carried out by long-term ( 1-4 mon) incubation of a half-saturated aqueous solution of 
the CB with the sediments. Desorption of the CB was accomplished in repetitive desorption steps 
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(>10 times) into fresh aqueous calcium chloride solution or onto Tenax polymeric beads. The 
concentration of CB's in the aqueous phase leveled off at a low and constant value after a few 
desorption steps. The aqueous concentration after a few steps was also not dependent on the time 
allowed for desorption, at least, for the time period after the first day or two. After a few desorption 
steps the normalized partition coefficient, K*,, differed significantly from that of the same compound 
in the sorption uptake phase. Thus, for 1,4-dichlorobenzene the log after five desorptions was 
3.94 compared to 2.78 for the sorption uptake of this CB. An average irreversible, organic carbon 
normalized partition coefficient ) was calculated from each of the last 5 to 9 desorption steps 
during which time the aqueous phase concentrations of CB became constant. The standard deviation 
among the partition coefficients from each successive desorption was usually less than 0.10. Values 
of the irreversible partition coefficient among the CB's measured on one of the sediments were 
independent of structure, solubility, and of the individual compounds with a log value of 5.38 ± 
0.06. The value of this partition coefficient was also independent of the sediment type as this 
coefficient was 5.44 ± 0.2 for 1.4-diclorobenzene among the four different sediments. For the entire 
set of eight desorption experiments, the irreversible partition coefficient was measured at 5.42 ±0.17. 
A previous similar study by these same authors yielded a similar value forAT,'" of 5.53 ± 0.48 for a 
set of seven chemicals as diverse as toluene, CB's. PCB's and DDT on these same sediments. These 
results support the hypothesis that the irreversible partition coefficient is independent of either 
chemical or sediment type. By contrast, for each chemical-sediment combination there is a maximum 
irreversible sorption capacity. q'^m. that is correlated with the organic carbon content of the sediment 
and the Kow of the CB. These authors propose a combination linear and nonlinear model to describe 
the biphasic desorption behavior of HOC's from sediment. The linear portion of the model consists 
of an equilibrium partition term, while the nonlinear portion of the model is a Langmuir term 
consisting of the irreversible sorption capacity and the irreversible partition coefficient. At high 
chemical concentrations, the Langmuir term reduces to q. which is considerably less than the 
solid-phase concentration in the reversible fraction. Thus, at high concentrations, the overall 
sediment concentration is dominated by the contribution from the linear, reversible fraction and the 
isotherm becomes coincident with that of the linear isotherm. At low concentrations the isotherm 
parallels the linear isotherm as the Langmuir term reduces to a form similar to the contribution of the 
linear fraction. Thus, at low concentrations, the Langmuir term reduces to K'£ f0cC where foc is the 
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fraction of organic carbon in the sediment and C is the aqueous concentration of the compound. At 
intermediate concentrations, the sorbed concentration in the sediment is a combination of 
contributions from both the linear and Langmuir terms. Sediment quality criteria (SQC) and 
chemical specific fate models as well as decision making by EPA are still based on the linear, 
equilibrium partition model. As a consequence, sorption into an irreversible or resistant state is 
ignored in applying SQC to decisions affecting sediments in rivers, lakes, and harbors. As an 
example, the final chronic value (FCV) for pore water concentration of 1,4-diclorobenzene in 
sediment is less than 0.1 ug/L, which translates into an allowable sediment concentration of 5 ug/g by 
the equilibrium partition model. However, using the same FCV and the model proposed by the 
authors, the allowable sediment concentration would be over 200 ug/g. A complicating factor in 
these criteria is obtaining a true measure of the concentration of chemical in the sediment. 
Conventional techniques of extraction may seriously underestimate chemical concentrations in 
sediment, and other techniques such as extended hot methanol extraction, accelerated solvent 
extraction, or SFE may be necessary to arrive at a good measurement. This study developed a 
combination two-compartment model of chemical sorption to sediments using a Langmuir term to 
incorporate an irreversible sorbed fraction. The partition coefficient of the irreversible sorbed 
fraction was found to be a constant that was independent of sediment and chemical type. 
Bioavailability of Bound Pesticide Residues 
Chung and Alexander ( 1999) examined the bioavailability of phenanthrene and pyrene in soil 
aged for 0.20, or 120 days at concentrations of 1, 10. and 100 mg/kg. The soil was sterilized by 
gamma irradiation before addition of spikes. Soxhlet extraction with dichloromethane was able to 
quantitatively recover phenanthrene from soils aged for 0.20. and 120 days at the three different 
concentrations. A milder extraction with 75% aqueous ethanol provided an indication of the 
sequestration of phenanthrene in the soil with time. At the two lower concentrations, the recovery of 
phenanthrene decreased with time from 70% at 0 days to 50% at 20 days and to 33% after 120 days 
of aging. Similarly the amount assimilated by earthworms decreased from 8.4% with no aging period 
to 4.4% after a 20 day period of aging to 3.5% after a 120 day aging period at the two lower 
concentrations. Increased sequestration and decreased bioavailability were also noticeable at the 
100mg/kg level of phenanthrene when comparing the 0- and 120-day aged samples. Biodégradation 
of phenanthrene with bacteria for a period of 30 days following the aging period revealed that aging 
protected phenanthrene from bacterial biodégradation. Soxhlet extraction was able to recover 70% of 
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the phenanthrene from samples aged for 120 days and allowed to degrade with bacteria at the lowest 
concentration of I mg/kg of phenanthrene. Only 35% of the initial phenanthrene survived the 
biodégradation period when no aging was employed to allow binding of phenanthrene to the soil. 
The same trends occurred at the higher concentrations, although most of the phenanthrene was 
degraded at these higher concentrations. Nearly 50% of the initial phenanthrene survived the 
degrading bacteria after an aging period of 120 days at a concentration of 10 mg/kg. However, only 
4% of the phenanthrene spiked at this concentration survived the 30-day biodégradation period when 
no aging of the phenanthrene was allowed to occur. Decreased amounts of phenanthrene were 
recovered with the milder aqueous ethanol solvent after addition of the bacteria, which showed that 
the readily available fraction of phenanthrene was being metabolized. Pyrene was also amended into 
soil at 1, 10, and 100 mg/kg and aged for periods of 0,20, and 120 days. Soxhlet extraction was 
unable to quantitatively recover the pyrene from soil at the lowest concentration even with no aging 
period. Recovery of more than 85% of the initially added pyrene was only possible with the higher 
concentrations and no aging period. At the lowest concentration, the amount recovered with the 
Soxhlet procedure decreased from 75% with no aging period to 47% after a 120-day period of aging. 
A milder butanol extraction removed two-thirds of the pyrene with no aging period and only one-
quarter of the pyrene after an aging period of 120 days. Sequestration of pyrene also occurred at the 
higher concentrations, but it was most noticeable at the lowest concentration of 1 mg/kg of pyrene. 
The concentration of added pyrene also affected earthworm uptake as at higher concentrations. 
uptake by earthworms increased. Over 22% of the pyrene was assimilated by earthworms at 100 
mg/kg and no aging period, while only 6% was assimilated at the lowest concentration. Assimilation 
by earthworms also decreased with aging, as earthworms were only able to assimilate 12% of the 
pyrene at the highest concentration after 120 days of aging compared to the 22% assimilated without 
an aging period. A portion of both phenanthrene and pyrene were available for assimilation by 
earthworms even after aging and biodégradation. 
Morrison et al. (2000) used earthworms to study the bioavailability of dieldrin and DDT and 
its metabolites that had persisted in soil for periods ranging to 49 years. These authors note that these 
insecticides are extremely persistent with some studies showing half of the initially applied DDT 
remaining in some soils after a period of 15 years. Earthworm bioassays were carried out for a 
period of 8 days with six worms per 60 g of soil. Earthworms were able to assimilate from 1.4 to 
1.8% of DDT and its two metabolites in soil that had aged for 49 years. By contrast over 7.5% of 
newly spiked DDT, DDE, and DDD were assimilated by earthworms in a Chester loam soil. The 
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authors calculated the percentage of chemical sequestered in the soil by differential uptake in the 
aged and newly spiked soils. These calculations indicated that, on average, about three-quarters of 
the pesticides were sequestered in the soil. Dieldrin was more available to earthworms at both time 
periods with 4.5% of the total being available after 49 years, while 11% of the dieldrin was available 
in newly spiked soil. Short-term aging of DDT and its metabolites was tested in a 12.5% organic 
matter soil for a period of 190 days. A noticeable aging effect was evident as the bioavailability of 
DDT and DDE declined by 4-6 fold during the aging period. No aging effect was noticeable with the 
DDD metabolite. Bioavailability of insecticides was also measured by an assay using Tenax beads as 
a sink for pesticides. Small quantities (0.2 or 0.5 g) of soil were mixed with 25 ml of a salt solution. 
0.1 or 0.2 g of Tenax TA beads was added, and the solution was tumbled for 16 h. The beads 
removed readily available pesticides, as recovery from newly spiked soils by this procedure was 
consistently 90 to 95%. 
Extraction of Bound Residues 
Bound or resistant fractions of HOC's and pesticides have been extracted from soils and 
sediments by a number of techniques. Most of these techniques involve the use of solvents and fluids 
at elevated temperatures or elevated temperatures and pressure such as supercritical fluid extraction 
(SFE), microwave assisted extraction (MAE), accelerated solvent extraction (ASE). or hot solvent 
extraction with aqueous methanol. The first use of hot methanol as an extradant for HOC's in soil 
was reported by Sawhney et al. (1988) for the extraction of the fumigant ethylene dibromide (EDB) 
from field soils. Their research was prompted by the inability of EPA methods that utilize a purge 
and trap procedure to strip EDB from the soil in other than freshly spiked samples. The 
recommended EPA procedure with a 40° C purge removed only 1.3% of the total EDB from a soil 
from a field that had been fumigated three years prior to sampling. Higher temperatures and longer 
purge times failed to raise the removal above 11% of the total. Thermal desorption at temperatures of 
100°C and 200° C with a N, purge failed to remove more than 1% of the EDB and resulted in thermal 
decomposition. Use of methanol extraction at 75° C for 24 h increased the apparent concentration of 
EDB from I ug/kg by the EPA procedure to 88.5 ug/kg. Two other extraction procedures using 
sonication and Soxhlet extraction proved inadequate compared to the hot methanol procedure. 
Huang and Pignatello extended the hot methanol procedure to the extraction of herbicides from soil 
in 1990. Soils from fields treated with metolachlor and atrazine for three consecutive years prior to 
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soil sampling were extracted using an aqueous methanol mixture at 75° C. Pure solvents and seven 
water-methanol mixtures were tested on soils sampled 8 mon after the last application of herbicide to 
the sampled fields. A composition of 20% aqueous methanol (v/v) was found optimum. Compared 
to this mixture, pure solutions of methanol, acetone, and acetonitrile removed on average about 75% 
of the atrazine and 70% of the metolachlor present in these soils. Methylene chloride and hexane 
removed 60 and 26 % of the atrazine and 57 and 22% of the metolachlor, respectively, in the tested 
soils when extracted at 75° C for 5 h. Room temperature extraction with the aqueous methanol 
mixture was as about as effective as the pure solvents at elevated temperatures, as 68 and 60% of the 
atrazine and metolachlor, respectively, was extractable in 4 h. Pignatello et al. (1993) also applied 
the hot methanol extraction procedure to the quantitation of bound atrazine and metolachlor after 
elution of these herbicides from soil columns with dilute aqueous calcium chloride. Their study 
revealed bimodal release of these herbicides from soil with an initial flush of herbicides in the first 5-
10 pore volumes of eluent followed by slow and continuous release of herbicides until the experiment 
was terminated at 70 pore volumes of eluent. Extraction of soil sections with hot methanol following 
elution showed that approximately 41% of the extractable atrazine and 55% of the extractable 
metolachlor remained in the soil. These two herbicides were distributed almost evenly among 
sections of the column from top to bottom. The herbicides were also mostly uniformly present in the 
various size fractions of the soil after adjustment for the organic carbon content of each fraction. 
There were no significant differences in the percentage of herbicide leached from the five size 
fractions of soil spanning the 0.2-2 um clay fraction to the >250 um medium to course sand fraction. 
Gan et al. ( 1999) investigated the extraction of aged residues of atrazine and alachlor from four soils 
with ASE. Soils were amended with the two herbicides and incubated without biocide for 2. 8. and 
26 weeks. Three solvents differing widely in polarity were tested for extraction of the aged residues 
at a temperature of 100°C and 1500 psi with a 15 min static time. The solvents were hexane. 
dicloromethane-acetone (1:1), and methanol. Recovery of herbicide residues was not affected by the 
solvent chosen for either atrazine or alachlor for soils incubated for 2 weeks. Hexane was clearly 
inferior to the other two solvents in extracting residues from soils that were aged for 8 and 26 weeks. 
Multivariate optimization of time, temperature, and pressure indicated that temperature (T2) and the 
product of temperature and pressure (TP) were the variables significant to recovery of aged residues. 
Maximum recovery of residues from aged samples required elevated temperatures of 120 to 140°C. 
The ASE procedure was compared to two other extraction procedures. These were Soxhlet 
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extraction for 8 h with dicloromethane-acetone (1:1) and a solvent-shake procedure with 4:1 
methanol-water repeated three times. All three procedures were equivalent to one another for 
extraction of atrazine from soils incubated for two weeks. The ASE procedure was superior to the 
other two procedures for atrazine and alachlor residues from soils aged for more than 2 weeks. The 
Soxhlet extraction was also superior to the solvent shake procedure for all the samples incubated for 
more than two weeks. ASE extraction of alachlor from soils incubated for two weeks was inferior to 
the solvent shake procedure and may indicate loss of residue through thermal decomposition. 
Corcia et al. ( 1999) evaluated subcritical water as an extradant for the herbicide 
terbuthylazine as it has replaced atrazine in areas where the latter herbicide has been banned in parts 
of Europe. Subcritical buffer at 100° C increased extraction yields by nine-fold compared to room 
temperature extraction of terbuthylazine. A 0.5 Molar phosphate buffer was about 30% more 
efficient than pure water in extractions of the parent triazine and its metabolites. Temperatures above 
100° C did not result in increased recovery of parent or metabolites from spiked soils that were 
allowed to incubate for 1 day. The subcritical water extraction was compared with two other 
extraction techniques. These were a 24-h Soxhlet extraction with methanol and a double-batch 
extraction at room temperature with phosphate buffer (0.5 Molar. pH = 7.5)/acetonitrile (3:1). The 
Soxhlet extraction was clearly inferior to the two other methods as only 30-50% of parent and 
metabolites were recovered compared with the subcritical water procedure. The batch extraction 
procedure was comparable to the subcritical technique for two of the four compounds investigated, 
but recovered only two-thirds of the hydroxylated triazine metabolites from the soil. Degradation 
studies of terbuthylazine in topsoil and subsoil showed the presence of three metabolites. The major 
metabolite was hydroxyterbuthylazine formed by hydrolysis of chlorine from the triazine. A 
desethyl-dealkylated metabolite was also formed in both topsoil and subsoil along with a hydroxy 
analog of this metabolite. Half-lives at 15° C were 143 and 187 days in the topsoil and subsoil, 
respectively. Mass balance calculations over a period of 300 days could not account for roughly one-
third of the initially added herbicide even though mineralization was ruled out. 
Papilloud and Haerdi (1995) investigated SFE for the extraction of atrazine and metabolites 
from soil and sediment. Supercritical C02 was modified with the addition of 10% methanol at 300 
bars and 65° C with a 45-min extraction time. Recovery of atrazine from spiked field soils was 
acceptable at 85-99%. but hydroxyatrazine recovery was only 55%. In a delta soil, recovery of 
atrazine fell to only 27%, while 62% of the desethyl metabolite was recovered from this reference 
soil. Atrazine recoveries from sediments under the SFE conditions employed were poor as only 20% 
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could be recovered when extraction immediately followed sediment spiking. At longer periods of 
incubation, the extractability decreased to near zero. Lopez-Avila et al. ( 1996) explored SFE 
extraction of several pesticides from five soils at both low and high spiked concentrations. Pesticides 
in soil samples were freshly spiked or soils were spiked and then aged. It was found that supercritical 
C02 alone was incapable of extracting the spiked pesticides from soil. Therefore, 10% methanol was 
added to the supercritical C02 and extractions were done at 450 bars and 80° C with an extraction 
time of 30 min. Recoveries were 80-110% for alachlor, atrazine, carbofuran, cyanazine. and 
metolachlor at 10,50, and 500 ppb in two different soils. Recovery of carbaryl, carbendazim. and 
2.4-D varied from 35 to 75% depending on the soil and the spike level. The SFE procedure resulted 
in near quantitative recovery of all pesticides other than carbendazim from the spiked and aged soil 
samples, although spiking levels were in the ppm range and varied from 0.7 ppm to 25 ppm. These 
soils also contained known quantities of 2,4-0 and serve as reference soils, but the SFE procedure 
was unable to quantitatively extract 2.4-0 residues. The authors do not mention whether this 
herbicide is present in the acid or ester form. Pesticides were measured in the SFE extracts by 
immunosorbent assay and replicate determinations seemed quite variable. Most of the relative 
standard deviations for this procedure were in the 10 to 25% range. Khan (1995) used supercritical 
C02 alone and with methanol as a modifier to extract UC bound pesticide residues from soils. The 
conditions of SFE extraction were systematically investigated and optimized for temperature, 
methanol content, extraction time, and pressure. The soils that served as source(s) of bound 
pesticides had been treated, 1 to 9 years earlier, with radiolabeled atrazine and extracted with solvents 
until no more radioactivity was recovered. Optimized conditions for bound residue extraction were 
more drastic than conditions used by other researchers. Recovery of atrazine from a mineral soil at 
350 bars and 125° C and a 90-min extraction time increased from 50% to greater than 90% upon an 
increase in the methanol percentage in the fluid from 10% to 30%. Recovery of atrazine increased 
from 65% at 150 bars to over 95% at a pressure of400 bars. The recovery of atrazine increased with 
time and temperature as only 60% recovery occurred at 90° C with a 30-min extraction, while an 
increase to 130° C with a 90-min extraction recovered 95% of the bound atrazine at 350 atmospheres 
and a 30% methanol modified fluid. Recovery of bound residues of 2.4-D increased from 57% to 
93% with the addition of 30% methanol as modifier to the supercritical CO, fluid. Recovery of 
bound residues of triazines, phenylureas, organophosphates, organochlorines. and pyrethrins from 
soils and foods were usually greater than 90% with the methanol modified fluid. 
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Humic Acid Structure 
The structure and conformation of humic acid molecules affect the binding of pesticides and 
other nonpolar organics, yet the structure of humic acid is still unsettled. Conte and Piccolo ( 1999) 
discuss the two differing models of humic acid structure and the implications for binding of organic 
molecules and pesticides. The most common model of humic acid structure is as a random coil that 
depending on concentration, pH, and ionic strength shifts between a tightly coiled polymer and a 
linear flexible polymer. A second model suggests that humic acids exist as aggregates or micelles of 
small subunit molecules that that are held together by weak hydrophobic bonds. Such aggregates are 
thought to contain structural voids where organic molecules can become entrapped or sequestered. 
Conte and Piccolo (1999) used high performance size exclusion chromatography (HPSEC) under a 
variety of conditions to examine humic acid structure and conformation. Humic and fulvic acid 
substances were extracted and isolated from several European soils as well as from a North Dakota 
Leonardite. The humic substances were characterized by NMR spectra and HPSEC that yielded 
weight and number average molecular weights. HPSEC of humic and fulvic acids was conducted in 
four different solvent systems with detection by refractive index (Rl) and ultraviolet ( U V) light 
absorption. These solvent systems were A) 0.05 M NaN03, pH=7.0l: B) as in A but with 4.6 x 10" 
M methanol; C) as in A but with HC1 added to lower the pH to 5.54, and D) as in A but with 4.6 x 10" 
M acetic acid, pH 5.69. Dramatic changes in the elution curves of humic acids occurred among the 
four different solvent systems. The molecular weights as measured by HPSEC decreased in size 
from solvents A to 0. and peak absorbances were reduced at the LTV detector. The large reduction in 
molecular absorptivity (hypochromism) was explainable on the basis of disruption of aggregates that 
only appeared as a high-molecular weight arrangement rather than the coiling down of a large 
macromolecule. The most significant changes occurred in the mobile phase with acetic acid as 
molecular weights decreased by 79 to 96% for the three humic acids studied. Protonation of the 
humâtes occurred in this solvent system leading to intermolecular hydrogen bonds with water and 
disruption of the aggregates, which formed at neutral pH through hydrophobic interaction, and 
exclusion of water. Even the addition of 10" M methanol was able to dramatically affect the 
chromatograms of some humic acids as their molecular weight dropped by half, and hypochromism 
was very evident in the LTV chromatograms. The twin observations of hypochromism and reductions 
in molecular weight were evidence of self-association of small subunits rather than of the behavior 
expected from a random coil. 
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De Jonge et al. (1996) investigated the surface area of soil organic matter with N2 and CO,. 
The limitations of surface area determinations with nitrogen were discussed as molecule is used in the 
liquid state at 77° K. and is subject to activated diffusion in micropores. Higher experimental 
temperatures can be employed with CO, that make it not subject to activated diffusion. Surface area 
measurements with CO, of three samples of soil organic matter revealed a microporous structure of 
high specific surface area (94-174 m'/g). These values are in the range of the surface area of coal 
materials and are generally two orders of magnitude larger than surface areas of the same materials 
determined with N,. Micropores were estimated to be of molecular dimensions with average size of 
0.4-0.5 nm (4-5 A). Microporosity of the type described by the authors would be expected to give 
rise to very low diffusion coefficients in the nanopores with diffusion rates being very temperature 
dependent. Maurice and Namjesnik (1999) used atomic force microscopy to examine the shapes and 
forms of humic acids deposited on mica surfaces. Imaging of the deposited humic acids was done in 
the solution phase as 0.01 M CaCl, was employed in the experiments. The humic acids aggregated 
into ring-shaped structures. Ring diameters varied from 30 to 70 nm with an average of 49 nm. The 
distance between the inner and outer diameter of the rings was estimated at 23 nm and the height at 4 
nm. In addition, smaller rings and coalesced speroids were also evident in some of the images as 
well as nanometer-sized pore spaces. The observed ring structures were consistent with a model of 
soil organic matter proposed by Schulten (1998). His modeling of a humic polymer used 19 subunits 
of molecular weight 5541 and resulted in a ring structure with an outer diameter of 40 nm and 5.7 nm 
depth. The aggregate also had small ring structures within the interannular ring and possessed 
nanometer-scale porosity. The ring structures observed and postulated in these investigations were in 
contrast to the speroidal or open linear structures expected from analogies by others to 
polysaccharides and other macromolecular polymers. 
Summary 
There is widespread low-level contamination of groundwater and surface waters in the 
Midwest by pesticides and their metabolites from nonpoint agricultural use of pesticides. This 
contamination results in water quality degradation, human health concerns, and potential unknown 
and long-term impacts on the ecology both in the Midwest and in the Gulf of Mexico. In-field and 
off-site remedies will be necessary to reduce the impact of pesticides to human health and to the 
environment. Wetlands are a promising approach to off-site remediation of pesticide contained in 
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surface runoff from agricultural settings before delivery into river systems. Wetland soils, with a high 
organic matter content, may be capable on a sustainable basis of sorbing pesticides from agricultural 
runoff into a bound state without further release to the environment. In order for these remedies to be 
effective a better understanding of pesticide fate, particularly in wetland soils, is necessary. 
Pesticide fate in soils can be divided into two broad categories of degradation and sorption. 
Sorption of neutral pesticides to soils has traditionally been treated as a linear, equilibrium partition 
process that can be described with a distribution coefficient dependent on the hydrophobicity of the 
pesticide and the organic matter content of the soil. Numerous studies have documented the limits of 
this model of pesticide fate with findings of nonlinear sorption behavior and the formation of bound 
forms of pesticides in soil. Bound pesticides are those pesticides not extractable from soil by organic 
solvents at room temperature and require elevated temperatures, extended extraction times, and 
solvents that "wet" or swell soil organic matter. Operational definitions of free, labile, and bound 
pesticides are also provided with Figure I in the Materials and Methods section. Free pesticides are 
those extractable from soil by aqueous solution, usually 0.01 M calcium chloride. Labile pesticides 
are extractable pesticides extractable from soil with organic solvents at room temperature after 
removal of free pesticides with an aqueous extraction. The extraction of bound pesticides from soil 
has been investigated using SFE, ASE, extraction with subcritical water, and hot solvent extraction 
with aqueous methanol. Almost all of the techniques developed to extract bound pesticides were 
focused on the efficacy of the extraction procedure and all forms (free, labile, and bound) were 
extracted simultaneously with no discrimination or measurement of the bound pesticide forms. Only 
two reports exist in the literature in which the amount of bound pesticides in field soil was directly-
measured through extraction and analysis following removal of the extractable forms of pesticides. 
There is a void in the literature on the formation of bound pesticides in wetland soils. A few reports 
exist in the literature where the unextractable portion of radioactivity from soils spiked with 
radiolabeled atrazine and/or metolachlor was assigned to bound pesticides and followed with time. 
These reports are suggestive, but leave the nature of the unextractable radioactivity open to 
assumption and interpretation rather than direct investigation through extraction and analysis of 
parent herbicides and metabolites. This creates a lack of knowledge on the time course of the 
formation of bound or resistant pesticides by direct measurement. 
The focus of much research over the last decade has been on finding the underlying structural 
features in soil that give rise to nonlinear sorption behavior and bound pesticide formation. Structural 
features such as intraparticle pores with rate-limited diffusion, and strong sorption or hole-filling 
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within "condensed" organic matter have been the primary explanations for the formation of slowly 
desorbing bound pesticides. Condensed organic matter has been found to contain a predominant 
fraction of aromatic type functionalities, and on a smaller scale, resembles the chemical structure of 
kerogens, coals, and charcoal. Nonlinear sorption behavior and the formation of slowly desorbing 
bound pesticides have forced the developers of models of pesticide sorption into an expansion of 
mechanisms beyond a simple partition model with a distribution coefficient. Models have been 
developed which incorporate at least two mechanisms/rates/soil compartments for the description of 
pesticide sorption to soil. Thus, mechanisms are described as fast and slow or linear and nonlinear, 
while soil organic matter is described as amorphous and condensed or in a polymer model as 
"rubbery" and "glassy". The humic materials that constitute soil organic matter, in some instances, 
have been shown to display a glass transition temperature characteristic of "glassy" type polymers. 
Some models developed for pesticides, PAH's. and PCB's have used a continuous distribution of 
diffusion coefficients, rates, or sorption equilibrium constant to better describe desorption behavior. 
All of the experimental work in development of more complex sorption/desorption models 
has suffered from one of two limitations. In one instance, sorption uptake models have been 
developed from isotherms obtained by measurement of solute concentration only in the aqueous 
solution phase. The limitation of this approach is that no direct measurement has been made of solute 
and/or solute speciation into bound forms in the soil or sediment phase. In other words, deductions 
about sorption of solute in the soil phase have been made from indirect measurement of the solute 
with the addition of assumptions about solute behavior in the soil or sediment. In the other instance, 
complex models have been developed exclusively that describe in detail the desorption phase of the 
slow release of bound forms of pesticides, PCB's, and PAH's from soils and sediments. The 
limitation of this approach is that results from the desorption phase of pollutant release from soils and 
sediments have been applied to the sorptive uptake phase without measurement on the actual uptake 
phase. One assumption from these studies is that since desorption results in slow release of pollutants 
from soil and sediments, then the sorptive uptake phase must also be slow or rate-limited. 
Recent research into the structure of humic acids has not been incorporated into most models 
of pesticide interactions with the humic substances of soils and sediments. It has been demonstrated 
that humic substances are microporous in nature with nanometer size pores resulting in specific 
surface areas approaching 200 m2/g. Direct scanning of the structure of humic acids by atomic force 
microscopy has also revealed a structure that is microporous at the nanometer scale. The 
microporous nature of humic substances has also been postulated from recent models of humic 
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substances as a collection of small aggregate molecules. This aggregate model is in contrast to the 
traditional picture of humic acids as macromolecular polymers with molecular weights in the 
hundreds of thousands. 
Objectives 
The overall objective of this dissertation is to quantitate bound pesticide residues in field and 
wetland soils over both short-term (hours) and long-term (months) time scales. A secondary 
objective is to gain an understanding of the process of bound pesticide formation and fate in field and 
wetland soils. 
Specific objectives of this study include: 
I ) Develop methodology for differential extraction of labile and bound pesticides from soil. 
2) Quantitate bound pesticide residues in spiked field and wetland soils, 
3) Follow changes in the quantities of bound pesticides with time in field and wetland soils. 
4) Study the effects of biocide. irradiation, moisture content, light and pesticide hydrophobicity on 
quantities of bound pesticides in soils. 
5) Develop a model of labile and bound pesticide behavior in soils. 
6) Incorporate bound pesticide formation into current models of pesticide fate, and 
7) Correlate bound pesticide formation with current models of humic acid structure. 
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MATERIALS AND METHODS 
Pesticides and Metabolites 
Spikes and standards were prepared from neat pesticides obtained from Chem Service (West 
Chester, PA) or provided by the chemical manufacturer for initial methods development. Spikes and 
standards for the bulk of the study were prepared from newly purchased pesticides from 
Accustandard (New Haven, CT). Hexane, acetone, n-propanol, and ethylacetate were A. C. S. 
reagent grade solvents, while toluene and methanol were Optima and HPLC grade, respectively. All 
solvents were products of Fisher Scientific (Fair Lawn, NJ). Pesticide properties are listed in Table 3. 
Table 3. Properties of Pesticides 
Pesticide Formula K.. K, Koe.mL/g Ti/2, days Class 
Alachlor C,4H20CINO2 2050 1.0-3.7 124 21 chloroacetanilide 
Metolachlor C15Hr,CIN02 1350 1.5-3.0 200 50 chloroacetanilide 
Propachlor C„H,4CINO 150 0.4-1.4 80 7 chloroacetanilide 
Atrazine C,HUCIN, 481 0.4-2.0 147 60 v-triazine ' 
Cyanazine C„H,3CIN6 127 0.4-2.5 218 17 s-triazine 
Metribuzin c8hI4n4os 50 0.1-0.3 52 47 «-triazine" 
Propazine CqH16ClN, 850 0.8-3.0 161 60 s-triazine 
Chlorpyrifos C,H„CI,NO,PS 100,000 100-300 9930 30 organophosphate 
Trifluralin C,3H,6F3N304 118,000 50-150 7000 80 dinitroaniline 
symmetrical U.5-triazine 
Asymmetrical 1.2,4-triazzine 
Soils 
The field soil was a Webster silt loam soil collected from the Mortensen/State Street farm 
near Iowa State University. The Okoboji wetland soil was collected from a nonvegetated mesocosm 
from the Hinds Research Farm near Ames, IA. Both soils were air-dried and sieved through 16 
mesh screens and stored at 4° C in glass bottles with teflon-lined caps until use. The wetland soil 
required frequent breaking up during drying as the organic matter tended to cement it together. Soil 
properties are listed in Table 4. 
Table 4. Size Distribution and Other Characteristics of Webster and Okoboji Soils 
Soil % Sand % Coarse Silt % Fine SUt % Clay % Carbon % Nitrogen pH 
Webster 43.4 18.3 17.4 20.9 3.04 0.27 6.3 
Okoboji 15.0 16.8 30.8 37.4 5.37 0J6 7.5 
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Gas Chromatography Analyses 
Pesticide residues were analyzed using capillary gas chromatography with detection by a 
nitrogen-phosphorous detector (NPD). The analyses were conducted on a Hewlett-Packard Series 11 
5890 gas chromatograph equipped with a 7673A automatic sampler and 100 place sample tray. 
Detector signal was digitized with a 35900D analog/digital device from Hewlett-Packard. Data 
analysis was done on the digitized signal with Chemstation software, and autosampler control was 
through Hewlett-Packard Interface Boards in the autosampler and computer (HP-IB communication). 
Injector and detector temperatures were 250° C. The injector was operated in the splitless mode 
using a dual-tapered silanized liner and a precolumn between the injector and column. Methods 
development with a 16-component pesticide spike and standards was done with an SPB-608 column 
(Supelco, Bellefonte, PA) and hydrogen as the carrier gas. Figure I illustrates the separation of 16 
pesticides on the SPB-608 column. 
1 = Trifluralin 
2 = Propachlor 
3 = Chloropropham 
4 = Desisopropylatrazine 
5 = Desethylatrazine 
6 = Propazine 
7 = Atrazine 
8 = Simazine 
9 = Terbuthylazine 
10 = Acetochlor 
11 = Alachlor 
IS = Propanil 
12 = Metribuzin 
13 = Metolachlor 
14 = Chlorpyrifos 
15 = Cyanazine 
16 = Hexazinone 
14 
Time, minutes 
Figure 1. GC-NPD Chromatogram of Pesticides and Metabolites on SPB-608 column 
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Extracts of soil needed to be free of interferences that might make quantitation by GC-NPD 
unreliable. The hot methanol extract of soil had the most potential to contain contaminants that might 
interfere with the analysis. Chromatograms of hot methanol extracts of both unspiked field and 
unspiked wetland soils were remarkably free of interferences in the time interval during which the 
pesticides of interest eluted. Extracts of the field soil contained only a few peaks of consequence and 
these peaks eluted at the retention times of atrazine, acetochlor, alachlor. and metolachlor, 
respectively. These peaks were later confirmed by GC-MS to be due to carryover of these four 
herbicides in the soil from previous applications. An interference to metribuzin was encountered in 
initial analyses of toluene and hot methanol extracts of incubated soil on the SPB-608 column. A 
chiral GC column was found to provide interference free separations of metribuzin and all other 
pesticides in extracts from spiked field and wetland soils. The chiral GC column. alpha-DEX 120. 
consists of 20% permethylated a-cyclodextin embedded in a 35% phenyl/65% methyl bonded 
stationery phase. All analyses of extracts from spiked and stored soil were done using the chiral GC 
column and all extracts of stored soil analyzed on the SPB-608 column were reanalyzed on the chiral 
GC column. Helium was used as the carrier gas with the chiral column at a flow rate of 1.25 
cm3/min. Both columns measured 30 m x 0.25 mm i. d. with 0.25 gm film thickness. The precolumn 
was shortened in 15 to 30 cm portions when the peak width abruptly widened and/or the peak shape 
suddenly began to skew. The oven was operated at 80° C for 0.75 min after injection, followed by 
an increase to 200° C at 40° C/min. This temperature was maintained for I min followed by an 
increase to 250° C at 4° C/min and held for 8 min. Gases to the NPD detector were hydrogen at 4 
cnvVmin, air at 100 cm3/min. and helium makeup at 30 cm3/min. 
Calibration curves were constructed from peak areas using the internal standard method. 
Many of the peaks in each chromatogram were manually integrated due to the inability to find 
integration parameters that worked in all situations, especially for small area peaks. The 
chromatogram of each sample was visually inspected by zooming into the baseline portion of each 
peak and manually drawing the appropriate baseline. In the Chemstation software, prometryn was 
designated as the internal standard and reference peak. Calibration fit for the pesticides in the 
calibration standards was with a power function, which in the internal standard method plots response 
(area) ratio against the amount ratio. An example calibration plot with the associated power function 
calibration fit is illustrated in Figure 2 for atrazine and metolachlor for six calibration standards. 
Correlation coefficients were usually 0.999 or 1.000, with exponents of the power function in the 
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range of 0.990 to 1.07. Calibration standards were included in every sequence of samples that were 
analyzed. Recalibration from one sequence of samples to the next was done by averaging the new 
data with that from the prior calibration as reproducibility within the I day to 1-week time frame was 
within a few percent. New calibration tables were prepared when the detector element was replaced, 
or the time period from the last analyses was more than 3 weeks. Pesticide residue amounts in each 
sample were reported in ng of individual pesticides in the extract. 
3 
Atrazine 
2.5 
2 
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Figure 2. Calibration Curve for Atrazine and Metolachlor with Prometryn as the Internal Standard 
Calibration Standards and Spike Solutions 
Individual stock solutions of individual pesticides were prepared from -10 mg quantities of 
neat pesticides. The pesticides were weighed to ± 0.1 mg on a Mettler AC 100 four-place balance 
and dissolved in methanol or n-propanol to give stock solutions with concentrations in the range of 
1200 to 2000 ug/mL. Pesticide spike mixtures were prepared from the individual pesticide stocks. 
The individual pesticide stocks were measured by weight and the mixture was diluted with either 
methanol or in most cases n-propanol. Calibration standard stocks were prepared in a way similar to 
the spike solution mixture, only the diluent was toluene. Relative concentrations of individual 
pesticides in the calibration stocks were made a function of their detectability by the NPD detector. 
Thus, the concentrations of easily detected trifluralin and chlorpyrifos were in the 10-12 ug/mL range 
88 
while triazine herbicides were approximately 20 ug/mL. The concentrations of chloroacetanilide 
herbicides with a single N atom were approximately 30 ug/mL in the calibration stocks. The 
calibration standards were prepared by addition of calibration stock, internal standard stock, and 
toluene to 35-mL borosilicate EPA sampling vials equipped with teflon-faced silicone caps. The 
weights of each solution were measured by the Mettler AC 100 four-place balance. Quantities of 
each solution were converted to volume at 22° C by division by the density of the particular liquid. 
These densities were 0.8645 g/mL for toluene, 0.8009 g/mL for n-propanol. and 0.7895 g/mL for 
methanol. After preparation of a set of standards, the concentration of the internal standard in each 
standard was calculated and the prometryn concentration was adjusted to 140.0 ng/mL by addition of 
the correct weight of toluene. Sets of standards usually consisted of six to ten standards beginning at 
a concentration of 10 to 30 ng/mL depending on the pesticide. The concentration of pesticides from 
standard to standard increased in concentration by a factor of 1.5 to 2. Several sets of pesticide 
standards were prepared to encompass the different treatments and spikes of soils. These were called 
"fourcomp", "sixcomp". "combined", "mesocosm". and "irradiated'*. The fourcomp set consisted of 
propachlor, propazine, alachlor, and metribuzin. The sixcomp set consisted of trifluralin. atrazine. 
simazine, metolachlor, chlorpyrifos, and cyanazine. The combined set was prepared by addition of 
atrazine. acetochlor. and metolachlor to the fourcomp set so that background quantities of atrazine. 
acetochlor and metolachlor could be quantitated in the field soil. The mesocosm set consisted of the 
same pesticides as contained in the sixcomp set with the exception of the substitution of alachlor for 
simazine. A new set of standards identical to the constituents contained in the mesocosm set was 
prepared for the irradiated soil experiments. A 16-component pesticide mixture was used for initial 
methods development. The spike solution and standards contained trifluralin, propachlor. 
chloropropham. DEA, DIA, propazine. atrazine, simazine, terbutylazine. acetochlor. alachlor. 
metribuzin, metolachlor. chlorpyrifos. cyanazine, and hexazinone. Propanil was used as the internal 
standard in experiments with the 16-component spike. 
Spiking of Soils with Pesticides 
Soils were spiked and stored in 250-mL fiat bottomed round flasks. Soil (40 g) was weighed 
into a 50-mL beaker prior to addition to the flask. Spike stock solution (0.105-0.135 g) was first 
added to the flask by metering from a 2.5-mL precision glass gas-tight syringe (Model 1002LTN 
Hamilton, Reno, NV) and weighed to I mg on a three place Ohaus 400XT balance, followed by the 
addition of 12 g of 0.01 M calcium chloride solution to bring the gravimetric soil water content to 
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0.30. The preweighed soil was added in one dose and the flask quickly swirled to distribute the 
pesticides into the soil as uniformly as possible. The flasks were covered with aluminum foil and 
parafilm and stored on a laboratory bench until extraction and analyses. Soils with biocide were 
prepared with 400 ppm of sodium azide in 0.01 M calcium chloride solution. 
Methods Development 
Several steps in the extraction procedures required validation in order for the sequential 
extraction scheme (Figure 3) to be successful. First, a quantitative extraction of pesticides of interest 
from aqueous solution was needed. Also, the extraction of labile forms of pesticides directly from 
the soil needed to be quantitative for freshly spiked pesticides. This was a necessary condition to 
insure that those pesticides measured from the hot methanol extract were composed of bound forms 
and did not result from incompletely extracted labile pesticides. Additionally, pesticides needed to be 
thermally stable during the hot methanol extraction and not lost during evaporation of such extracts. 
Extraction and Recovery of Pesticides and Metabolites from Water with Toluene 
The recovery of pesticides from the water phase was tested under a variety of extraction 
conditions including pH of the water phase, amount of toluene, and amendment of toluene with ethyl 
acetate. The recovery of pesticides from the water phase was tested by weighing a metered portion of 
the 16-component pesticide spike stock into 250-mL flat bottomed flasks and adding 12 g of 0.01 M 
calcium chloride solution and 30 mL of water. Toluene (-12 g) was added followed by the internal 
standard (propanil) solution, with extraction on the rotary shaker at 250 rpm for 1 h. These 
extractions were conducted at two concentration levels of 20-35 and 70-120 ppb per component in 
triplicate. Extractions of the 16-componet pesticide/metabolite spike were also performed with two 
mixtures of ethyl acetate/toluene in duplicate. These extractions involved 15 and 30% ethyl acetate 
in toluene (v/v) and were performed in the same manner as the extractions from water with toluene. 
Extractions from water were also conducted comparing 0.02 M dipotassium hydrogen phosphate 
(pH=8.2) with the 0.01M calcium chloride solution at two levels of toluene extractant ( 12.5 and 17.5 
g). The recovery of the herbicides of the four-component spike (propachlor. propazine. alachlor. and 
metribuzin) from water with toluene was tested in a similar manner. Spike solution was weighed into 
250-mL flat bottomed flasks and 12 g of 0.01 M calcium chloride solution and 60 mL of water were 
added followed by 17 g of toluene. After addition of the internal standard (prometryn), the herbicides 
were extracted for I h at 250 rpm on the laboratory shaker. Blanks were extracted in a similar 
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manner with omission of the spike. Percent recovery was calculated after analyses of the extracts by 
gas chromatography. Analyses values were compared with the amount of each of the added 
herbicides for each sample and the mean, standard deviation, and average deviation of the percent 
recovery were calculated. 
Extraction and Recovery of Pesticides and Metabolites from Soil with Toluene 
The recovery of pesticides from soil with toluene was tested by weighing a metered portion 
of the 16-component pesticide spike stock into 250-mL flat bottomed flasks and adding 12 g of 0.01 
M calcium chloride solution followed by 40 g of soil. Water (30 g) and toluene (-12 g) were added 
followed by the internal standard (propanil) solution with extraction on the rotary shaker at 250 rpm 
for 1 h. Extractions from soil were also conducted comparing 0.02 M dipotassium hydrogen 
phosphate (pH=8.2) with the 0.01 M calcium chloride solution at two levels of toluene extradant 
(12.5 and 17.5 g). Extractions of the 16-component pesticide/metabolite spike from each of the two 
soils were also performed with mixtures of ethyl acetate/toluene. These extractions used 30% ethyl 
acetate in toluene (v/v) and were performed in the same manner as the extractions from water with 
toluene. The recovery of the herbicides of the four-component spike (propachlor. propazine. alachlor. 
and metribuzin) from field soil with toluene and toluene/hexane (55/45) was tested in triplicate in a 
similar manner. Spike solution (~0.150 g) was weighed into 250-mL flat bottomed flasks and 12 g of 
0.01 M calcium chloride solution was added followed by 40 g of field soil. Toluene extraction from 
the soil was done after the addition of 60 mL of water followed by 17 g of toluene. After addition of 
internal standard (prometryn), the herbicides were extracted for I h at 250 rpm on the laboratory 
shaker. Blanks were extracted in a similar manner with omission of the spike and substitution of an 
equivalent volume of methanol. Percent recovery was calculated after analyses of the toluene 
extracts by gas chromatography. Analyses values were compared with the amount of each of the 
added herbicides for each sample and the mean, standard deviation, and average deviation of the 
percent recovery were calculated. 
Recovery of Pesticides and Metabolites from the Turbovap II Evaporator 
The 16-component pesticide/metabolite spike stock (~ 0.150 g) was weighed into 250-mL 
glass flat bottomed round flasks followed by 100 mL of 80% aqueous methanol. Triplicate samples 
were evaporated in 200-mL glass tubes of the Turbovap It evaporator operated at 55° C and 0.20 
ftVmin of airflow for a period of 40 min. The evaporated samples (-20 mL) were transferred into 
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250-mL glass flasks with water washing and the contents extracted with toluene followed by GC 
analysis. The percent recovery was computed from comparison of the analysis amount with the 
amount of each added pesticide. Mean and standard deviation of the percent recovery were 
calculated from the percent recovery data for the triplicates. 
Stability of Pesticides and Metabolites in Hot Aqueous Methanol 
The 16-component pesticide/metabolite spike stock (~ 0.150 g) was weighed into 200-mL 
teflon centrifuge bottles followed by 100 mL of 80% aqueous methanol. Duplicate samples were 
incubated for 1,3, and 6 h at 75^ C in a Fisher Scientific Versa Bath with agitation at 175 rpm. 
Samples were evaporated in the Turbovap II evaporator and extracted with toluene followed by GC 
analysis. Heat stability of pesticides/metabolites in hot aqueous methanol was also tested in 35-mL 
glass vials at 75^ C. Two hundred milliliters of 80% aqueous methanol was spiked with 0.534 g of 
spike solution and distributed among six glass vials and incubated in duplicate for 1.3. and 6 h prior 
to evaporation, extraction, and GC analysis. The percent recovery for the samples heated in teflon 
and glass was computed from comparison of the analysis amount with the amount of each added 
pesticide. The mean of the percent recovery was calculated from the percent recovery data for each 
of the duplicates. 
Recovery of Pesticides and Metabolites from Soil with Hot Methanol 
Field and wetland soils were spiked with the 16-component pesticide/metabolite spike 
mixture (~ 0.150 g) by the procedure outlined in the spiking of soils with substitution of 200-mL 
teflon centrifuge bottles for the 250-mL glass flasks. Duplicate and triplicate samples were spiked 
and extracted along with unspiked controls for each of the two soil types. Extraction at 75® C with 
agitation at 175 rpm was performed for 4 h after addition of 90 mL of 92% aqueous methanol. The 
added aqueous methanol solution consisted of 90 mL of 92% methanol as the soils contained 12 g of 
water. With inclusion of the water from the soil the extraction solution was 80% aqueous methanol. 
After cooling, the samples were centrifuged and decanted into 200-mL evaporator tubes and 
evaporated in the Turbovap II evaporator at 55° C and 0.20 ftVmin of air flow for a period of 40 min. 
The evaporated samples (-20 mL) were transferred into 250-mL glass flasks with water washing, the 
internal standard was added, and the contents extracted with toluene or toluene/ethyl acetate followed 
by GC analysis. Analyses values were compared with the amount of each of the added herbicides for 
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each sample to calculate the percent recovery and the mean, standard deviation, and average 
deviation were calculated. 
Sequential Extraction of Soils 
A sequential extraction procedure was used to differentiate pesticides in soil into three 
fractions and allow quantitation of bound pesticides. The extraction scheme is shown in Figure 3 
with designations for free, labile, and bound species in the water, toluene, and hot methanol extracts, 
respectively. The designations of free, labile, and bound are to some extent operational. The free 
fraction is that portion of pesticides in the soil that are removable by water extraction with 0.01 M 
calcium chloride solution. The labile fraction is that portion left after water extraction that is 
extractable by an organic solvent at room temperature. Toluene was used in the present study as it 
gives good recoveries of freshly spiked pesticides from soil and was used for extraction of pesticides 
from water solutions. The bound fraction is that portion of pesticide in soil that is extractable only at 
elevated temperatures over extended time periods with organic solvents that swell soil organic matter. 
Extractable pesticides are the sum of the free and labile fractions. 
Flow Chart of Methodology 
Time 
"Free Labile1 "Bound" 
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I | I 
GC Analysis GC Analysis GC Analysis 
Figure 3. Sequential Extraction Scheme for Pesticides in Soils 
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Calcium chloride solution 
Incubated soils were extracted in sequence with 0.01 M calcium chloride, toluene, and hot 
methanol. Therefore, they were first extracted with 60 g of 0.01 M calcium chloride for I h at 250 
rpm on a Labline (Melrose Park, IL) Orbit rotary laboratory shaker. The soil and solution were 
transferred to 200-mL teflon centrifuge bottles, weight equalized, and centrifuged at 4000 rpm for 10 
min in an International Equipment Corp. MFA 4 benchtop centrifuge. The aqueous layer was 
transferred back to the original glass flasks, and approximately 15 g of toluene was added. Internal 
standard (25 uL) was added using a 50 uL syringe (Model 7050 Hamilton. Reno. NV) and the 
pesticides extracted into toluene on the rotary shaker at 250 rpm for 1 h. After extraction, the toluene 
layer was transferred by glass Pasteur pipet to glass test tubes, equipped with teflon-faced caps and 
stored at -20° C. GC analysis was usually done within a day or two of the extraction. 
Toluene 
The soils after centri(ligation and décantation of the 0.01 M calcium chloride solution were 
extracted in the teflon centrifuge bottles with -15 gof toluene or 20 mL of a 55% toluene/hexane 
mixture. The soil was slurried with 30 mL of 0.01 M calcium chloride solution before the addition of 
the organic solvent. After addition of the internal standard (25 uL), the soils were extracted for I h at 
250 rpm on the rotary shaker. The extracted soils were then centrifuged at 4000 rpm for 10 min and 
the toluene layer was transferred to borosilicate glass test tubes with teflon-lined caps. The samples 
were stored at 4° C. GC analysis was usually done within a day or two of the extraction. 
Hot Methanol 
The excess water/toluene from the toluene extraction was decanted to waste and the 
remaining liquid was blotted from the bottle sides by laboratory tissue. The bound pesticides were 
extracted with a solution of 80% aqueous methanol. Since the soil was wet it contained about 12 g 
of water. Therefore, 90 mL of a 92/8 mix of methanol/water was added to arrive at a solution with 
20% water content. The bottles were firmly capped and placed in a water bath about 4 cm deep with 
water at 75° ± I C. The water bath (VersaBath, Fisher Scientific) was mounted on a Labline Orbit 
Junior rotary shaker after removal of the flask tray. The shaker was operated at 175 rpm and the 
bottles were additionally agitated by hand approximately each hour to disperse the slightly settled 
soil. After a 4 h extraction in the water bath, the bottles were removed and further extracted for 30 
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min as they cooled to near room temperature on the rotary laboratory shaker at 250 rpm. Internal 
standard was added to the extract, the bottles briefly agitated to disperse the prometryn, and the soil-
methanol solution was centrifuged. The methanolic extract was transferred to 200-mL evaporator 
flasks and evaporated at 55° C and 0.20 ftVmin of airflow in a Zymark Turbovap II vortex evaporator 
for 40 min. The concentrate was transferred to 250-mL flat bottomed flasks. Residue in the 
evaporator flasks was dissolved with ~1 mL of acetone and added to the concentrate by Pasteur pipet. 
The flasks were then rinsed with two, 30 mL portions of distilled water and the rinsings combined 
with the concentrate. The concentrate was then extracted by the addition of toluene (—15 g) and 
agitation at 250 rpm for I h on the rotary shaker. The toluene layer was then transferred by glass 
Pasteur pipet to borosilicate glass test tubes with teflon-faced caps and stored at 4° C. GC analysis 
was usually done within a day or two of the extraction. 
Soil Series 
A total of seven soil series experiments were carried out with the field and wetland soils as 
well as wetland microcosms. The treatments and factors for each of these sets of experiments are 
listed in Table 5. The soils were spiked by the procedure outlined in spiking of soils with pesticides 
and the extractions and analyses were performed as outlined above. Several series used four 
herbicides namely propachlor, propazine, alachlor, and metribuzin spiked at a level of about 75ng/g 
of soil. Both field and wetland soils were spiked with a mixture of the four herbicides in triplicate. 
The field soils in the four comp series were spiked and stored at 30% moisture content and the 
wetland soils at 35% moisture (w/w). Soils were also spiked so that both a sequential extraction as 
well as a total extraction with hot methanol was performed at each time period. The two types of soil 
were treated with and without a biocide so that at each time period there were twelve field soil and 
twelve wetland soil samples to be extracted. In each set of twelve samples, six of the samples were 
extracted sequentially while the other six samples were directly extracted with hot methanol for total 
pesticides. 
The moisture series used only field soil with biocide and the soils were wetted to 20 and 30% 
gravimetric moisture and the extractions were performed with 55% toluene in hexane. The 30% 
moisture set of samples represent a repeat of the fourcomp experiments only with the toluene/hexane 
mixture instead of toluene. The high concentration series involved the spiking of field soil at -770 
ng/g with a high dose spike of the same four herbicides as the four comp and moisture series. 
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Samples were incubated with and without biocide at 30% moisture and the toluene extraction was 
performed with 55% toluene in hexane. 
The dark series was similar to the moisture series except that spiked field soils with biocide 
were stored and extracted in the dark by covering the flasks with aluminum foil, and storage was in a 
drawer rather than on the benchtop. The samples stored in the light for comparison were from the 
moisture and high concentration series that were spiked, stored, and extracted within the same time 
frame. 
The irradiated series was similar to the six comp series in that trifluralin. atrazine. alachlor. 
metolachlor, chlorpyrifos, and cyanazine were incubated in field and wetland soils. Irradiated soil 
samples received a dose of 32 Mrads of radiation from a linear accelerator. The individual 40 g 
samples of soil were weighed into plastic twirl-lok soil sampling bags, and eight individual samples 
were sealed into larger Ziploc bags before irradiation. The irradiated soils were transferred to 
sterilized flasks in a laminar-flow biological hood during the soil spiking procedure. Three 
treatments of each soil type, in triplicate, were incubated with pesticides in the irradiated series. 
These three treatments were irradiated soil with biocide, non-irradiated soil with biocide and non-
irradiated soil without biocide. 
After GC analyses of a set of samples, each chromatogram, with its associated integration 
data was inspected and peaks, if necessary, were manually integrated. Pesticide residues were 
reported in nanograms (ng) of each pesticide in the entire extract. The pesticide data from the GC 
analyses was transferred to Microsoft Excel®. The pesticide residue data for all extracts of all soil 
samples was normalized. This was done by adjusting the pesticide residue amount by the ratio of the 
actual spike amount (0.105-0.135g) used in each individual soil sample to a constant spike amount of 
0.115 g. The normalization allowed comparison of soil treatments based on the same amount of 
pesticide being added to each soil sample. Extractable residues in each sample were defined as the 
sum of the pesticide quantities in the 0.01 M calcium chloride and toluene extracts. The amount in 
the hot methanol extract was defined as the bound fraction. For graphical purposes these amounts 
were divided by the soil weight -(40 g) to arrive at the actual concentration of extractable and bound 
residues in the soil. The total residue for each pesticide in each sample was computed from the sum 
of the amounts in the calcium chloride, toluene, and hot methanol extracts. The percent of each 
pesticide in each of the extracts was calculated from the ratio of the amount of pesticide in the 
individual extract to that of the total residue for that sample, times 100. The mean, standard 
deviation, and average deviation of the percentage in each extract were calculated from the data for 
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the triplicate samples. Distribution coefficients for each sample were computed from the data. The 
concentration of pesticide in the water was obtained by dividing the amount of pesticide in the 
calcium chloride extract by the water amount (72 g). The concentration of pesticide in the soil was 
calculated by summation of the toluene and hot methanol residues for each sample and division by 
the soil weight (40 g). The distribution coefficient was obtained by dividing the concentration of the 
pesticide in the soil phase by the concentration in the aqueous phase. Graphical representation of the 
pesticide residue data was prepared as a function of the storage time. Graphs were prepared using the 
total mass of each pesticide in each extract, the percentage of each pesticide in each extract, and the 
concentration in the soil of each pesticide in each extract. Graphs of the concentration of the 
extractable and bound fractions as a function of storage time were also prepared. 
Wetland Microcosms 
Twelve wetland microcosms were dosed with six pesticides, and the dissipation of pesticides 
from the water column was followed with time. The microcosms were obtained from wetland-cattail 
mesocosms at the Hinds Irrigation Research Farm near Ames. IA. Polycarbonate cylinders that were 
beveled on one end for easier penetration were used to obtain the microcosm samples. The cylinders 
measured 25 cm x 5.1 cm ID and samples from the mesocosm were taken at a depth to where the 
cylinders consisted of at least 5 cm of soil as the bottom layer. Both ends of the cylinders were 
capped with rubber stoppers, and the samples placed in a carrying device for transport to the 
laboratory. For dosing, the water from all twelve microcosms (-1600 mL) was combined and the 
pesticide spike in ra-propanol was added to the yellow-brown wetland water. The spiked water was 
then carefully poured back into the microcosms contained within the polycarbonate cylinders with the 
aid of a bent spoon to deflect the spiked water and avoid stirring up fine sediment. Microcosms were 
matched together in triplicate depending on the amount of water that they were able to accept. 
Microcosms incubated for 2 days only had space for about 80 mL of water while those stored longer 
could accept larger quantities due to the varying depth of the soil and litter in the individual 
microcosms. The entire water column was sampled with a glass tube by slowly lowering it to the 
bottom of the water layer, sealing, and withdrawing the liquid. Five to six individual samples were 
taken from each microcosm at each time period. Samples were transferred to tared 35-mL EPA glass 
sampling vials, weighed, and toluene and internal standard was added followed by extraction at 250 
rpm for 1 h. The toluene layer was transferred to autosampler vials and analyzed by gas 
chromatography. The microcosms were sampled at 0,1,3,6, 10,24, and 50 hours at which time the 
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2 day microcosms were sacrificed. Additional water column samples were taken from the other 
microcosms up until 5.10, and 20 days, at which time they were also sacrificed. After the last water 
column sample was removed, the remaining water was poured off and filtered through a glass fiber 
filter contained within a Buchner funnel. The litter was removed and also filtered to remove water. 
The water and litter fractions were transferred to 250-mL flat bottomed glass flasks and extracted 
with toluene and analyzed for pesticides by GC. The soil layer was sectioned into two 1 cm sections 
beginning at the top of the soil layer. Thereafter the soil layer was sectioned into 2 cm sections until 
reaching the bottom of the microcosm. The soil sections were sequentially extracted with 0.01 M 
calcium chloride, toluene, and hot methanol just as in the soil series experiments. Graphs of the 
dissipation of pesticides from the water column with time were prepared from the residue data. 
Background or Native Herbicides in Field Soil 
Background herbicides present in the field soil were confirmed by GC/MS following 
extraction with hot methanol and cleanup by solid phase extraction. Forty grams of field soil was 
extracted per the hot methanol procedure and evaporated to 20 mL in the Turbovap II evaporator. A 
portion of the extract was cleaned up by application to a Enviro C [ g SPE cartridge and elution with 
ethyl acetate. The ethyl acetate extract was analyzed for herbicides by GC-MS by the National Soil 
Tilth Laboratory in Ames. IA. The remaining portion of concentrate was diluted with water and 
extracted with toluene (—15 g) after addition of internal standard. The toluene extract was analyzed 
by GC-NPD in conjunction with other samples and background levels of herbicides were quantitated 
and compared with the results from the GC-MS analyses. 
Optimization of the Differential Extraction of Labile/Bound Pesticides from Soil 
The confirmation of background herbicides in the field soil by GC-MS and their quantitation 
in extracts from incubated soils in the last sample sets from the fourcomp soil series revealed that 
toluene was extracting at least 40% of the background herbicides that were assumed to be in a bound 
state in the field soil. Therefore, the extraction conditions in the toluene extraction step were 
examined to see if better conditions could be found that left the vast majority of the bound residues in 
the soil after the toluene extraction step. Field soil samples (40 g) were spiked in duplicate or 
triplicate with the fourcomp spike stock and extracted with various percentages of toluene in n-
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hexane. Percentages of toluene in w-hexane (v/v) were 15,25,40, 50,60,67. and 100% toluene. All 
mixtures were used at quantities of 20 mL while pure toluene was used in a 15 g quantity. In 
addition, 30 mL of 0.01 M calcium chloride solution was added to each soil sample that was 
extracted on the rotary shaker at 250 rpm for I h. After GC analyses, the recoveries of propachlor. 
propazine, and metribuzin were calculated based on analyses and spike quantities. The percentage of 
native alachlor extracted was calculated by subtracting the spike amount from the analyses amount 
and dividing the result by 1600 ng. This calculation assumes 100% extraction of freshly added 
alachlor and uses 1600 ng as the amount of total native alachlor in this field soil. The 1600 ng is the 
average amount of alachlor found in hot methanol extracts of 40 g of this field soil. A second lot of 
Webster field soil from the same location was used in these experiments and contained 1100 ng of 
alachlor per 40 g of soil, and the calculations were adjusted accordingly. 
Extractable and Bound Fraction Isotherms 
Isotherms of the solution phase pesticide concentration versus the concentration of 
extractable and bound fractions in soil were constructed over a 300-fold concentration range in field 
soil. A pesticide mixture in n-propanol was spiked into field soil at seven different concentrations. A 
low and high concentration spike solution was used to examine the isotherms of trifluralin. atrazine. 
alachlor. metolachlor, chlorpyrifos. and cyanazine. The low concentration solution was added in 
triplicate to 40 g soil samples in quantities of -0.025.0.050.0.100. and 0.200 g. Additional alcohol 
was added to samples receiving the lowest three solution amounts so that each sample contained 
0.200 g of zz-propanol. The high concentration solution was added to soils in quantities of 0.050. 
0.100, and 0.200 g with makeup to 0.200 g of n-propanol in each sample before addition of soil. The 
samples were extracted immediately upon spiking by the sequential extraction procedure utilizing 
toluene. Each of the three extracts from each sample was analyzed by GC. The concentration of 
each pesticide in the solution phase was calculated from the amount of pesticide residue in the 
calcium chloride extract and the amount of water (72 mL) in the sample. The concentration of 
pesticides in the toluene and hot methanol fractions were calculated by dividing the residue amount 
from each of these fractions by the soil weight (40 g). Background amounts of atrazine. alachlor. and 
metolachlor in the field soil were subtracted from the residue data in the hot methanol and toluene 
fractions before construction of the isotherms. Isotherms were graphed by plotting the residue 
concentrations in the toluene and hot methanol fractions versus the solution phase concentration. 
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Short-term Formation of Bound Pesticides 
The short-term formation of bound pesticides in field soil was tested by spiking wetted soils 
and allowing short periods of contact time (up to 20 min) followed by centrifugation, décantation of 
water, and sequential extraction. Soils were spiked at less than 100 ng/g with each of six pesticides 
consisting of trifluralin, atrazine, alachlor, metolachlor, chlorpyrifos, and cyanazine. Soils were 
spiked with a preweighed amount of spike in n-propanol after the addition of 20 mL of 0.01 M 
calcium chloride solution to 40 g of soil already at 30% moisture content. Soils were agitated on the 
rotary laboratory shaker for various periods of time and then centrifuged. Triplicate samples were 
incubated for a few seconds, 2, 5. 10, and 20 minutes before centrifugation for 2.5 minutes. After 
quickly decanting off the liquid, the soils were sequentially extracted with toluene followed by 
extraction of bound residues with hot methanol. The residues in the hot methanol fraction were 
analyzed by GC and graphs of the concentration of bound residue in the soil with time were 
constructed from the residue data. 
Table 5. Factors for Soil Series Experiments 
SERIES SET SOILS EXTRACTANT TYPE & 
BIOCIDE 
TIMES EXTRACTAN 
T 
TREATMENTS 
Four Comp 4* Field 
Wetland 
Sequential, Biocide & No Biocide 
Total, Biocide & No Biocide 
0, 2,5, 10, 20,35, 
and 90 Days 
Toluene Biocide & No Biocide 
~75ppb 
Six Comp 6** Field 
Wetland 
Sequential, with Biocide & No 
Biocide 
0, 5, 10, 20,35, 
60, and 90 Days 
Toluene/Hexane Biocide & No Biocide 
~75ppb 
Moisture 4 Field Sequential, Biocide 0, 5, 10, 20,35, 
60 and 90 Days 
Toluene/Hexane 20% and 30% 
Moisture Treatments 
High 
Concentration 
4 Field Sequential, Biocide 0, 5, 10. 20, 35, 
60 and 90 Days 
Toluene/Hexane Concentration 
-500 ppb 
Dark 4 Field Sequential, Biocide 5, 10, and 20 
Days 
Toluene/Hexane Dark vs Light 
Storage 
Microcosm 6M*** Wetland Water Column Dissipation 
Water, Soil & Litter 
2,5, 10, and 20 
Days 
Toluene/Hexane Wetland Microcosm 
Water, Litter & Soil 
Biocide 6M Field 
Wetland 
Sequential, Irradiated with Biocide 
Sequential, Nonirradiated with 
Biocide & No Biocide 
0, 2, 5, 10, 20,35 
and 60 Days 
Toluene/Hexane Irradiated Soil and 
Nonirradiated Soil 
* Set 4 = propachlor, propazine, alachlor, metribuzin 
** Set 6 = trifluralin, atrazine, simazine, metolachlor, chlorpyrifos, cyanazine 
*** Set 6M = trilluralin, atrazine, alachlor, metolachlor, chlorpyrifos, cyanazine 
101 
RESULTS AND DISCUSSION 
Sequential Extraction of Pesticides from Soil 
A sequential extraction procedure was used to differentiate pesticides in soil into three 
fractions and allow quantitation of bound pesticides. The extraction scheme previously illustrated in 
Figure 3 was used for quantitation of bound pesticides in soil. Extractable pesticides were removed 
with 0.01 M aqueous calcium chloride followed by extraction with toluene or toluene/hexane. Bound 
pesticides were then extracted from soil with hot aqueous methanol. The aqueous extraction also 
allowed calculation of distribution coefficients of pesticides between aqueous and soil phases. 
Extracts of soil needed to be free of interferences that might make quantitation by GC-NPD 
unreliable. The hot methanol extract of soil had the most potential to contain contaminants that might 
interfere with the analysis. Chromatograms of hot methanol extracts of both unspiked field and 
unspiked wetland soils were remarkably free of interferences in the time interval during which the 
pesticides of interest eluted. Extracts of the unspiked field soil contained only a few peaks of 
consequence and these peaks eluted at the retention times of atrazine. acetochlor. alachlor. and 
metolachlor. These peaks were later confirmed by GC-MS to be due to carryover of these four 
herbicides in the soil from previous applications. Several steps in the extraction procedures required 
validation in order for the sequential extraction scheme to be successful. First, a quantitative 
extraction of pesticides of interest from aqueous solution was needed. Also, the extraction of labile 
forms of pesticides directly from the soil needed to be quantitative for freshly spiked pesticides. This 
was a necessary condition to insure that those pesticides measured from the hot methanol extract 
were composed of bound forms and did not result from incompletely extracted labile pesticides. 
Additionally, pesticides needed to be thermally stable during the hot methanol extraction and not lost 
during evaporation of such extracts. 
Methods Development 
Extraction and Recovery of Pesticides and Metabolites from Water with Toluene 
Initial experimentation utilized 14 pesticides and two metabolites of atrazine representing 
five different pesticide classes for validation of experimental procedures for extraction of pesticides 
from water and soil. This group of pesticides represents a range of water solubilities varying from 
nearly insoluble trifluralin (0.3 mg/L) to very water-soluble hexazinone (33,000 mg/L). The 
herbicides comprise a range of chemistries and half-lives with propachlor having a half-life of only a 
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few days, to atrazine and metolachlor persisting to close to two months. Among the triazines and 
chloroacetanilides, the octanol-water partition coefficients range from simazine at 122 to metolachlor 
at 2050. 
Table 6 illustrates the precision of the chromatographic quantitation for three injections of a 
toluene extract of 16 pesticides/metabolites from water listed in the order in which they elute from the 
GC column. The precision of the analysis, defined as the coefficient of variation, for many of the 
analytes was better than 1% demonstrating the usefulness of the internal standard method of 
quantitation. The higher amount of variation was always associated with closely eluting peaks that 
were not completely baseline resolved as propachlor-chloropropham. DIA-DEA. and simazine-
terbutylazine. 
Table 6. Precision of GC-NPD Analysis of Toluene Extracts of Spiked Water Samples 
Pesticide or Analysis I Analysis 2 Analysis 3 Mean Standard Coefficient of 
Metabolite ng ng ng ng Deviation Variation. % 
Trifluralin 3135.3 3107.1 3136.0 3126.1 16.49 0.53 
Propachlor 4209.5 4085.5 4105.1 4133.4 66.66 1.61 
Chlorpropham 6020.8 5856.8 6041.5 5973.0 101.19 1.69 
DIA' 1322.5 1318.6 1330.6 1323.9 6.12 0.46 
DEA- 691.5 674.3 668.2 678.0 12.08 1.78 
Propazine 4609.7 4567.4 4603.3 4593.5 22.80 0.50 
Atrazine 5254.3 5201.5 5206.4 5220.7 29.17 0.56 
Simazine 3490.4 3474.4 3499.4 3488.1 12.66 0.36 
Terbutylazine 4511.7 4409.8 4393.3 4438.3 64.13 1.44 
Acetochlor 8592.4 8448.3 8476.5 8505.7 76.37 0.90 
Alachlor 7914.6 7785.1 7802.7 7834.1 70.27 0.90 
Metribuzin 4998.6 4958.8 5027.5 4995.0 34.49 0.69 
Metolachlor 7529.1 7489.2 7476.9 7498.4 27.29 0.36 
Chlorpyrifos 3896.3 3861.0 3867.4 3874.9 18.81 0.49 
Cyanazine 2394.8 2403.5 2422.1 2406.8 13.95 0.58 
Hexazinone 4126.9 4161.5 4162.5 4150.3 20.27 0.49 
'DIA is desisopropylatrazine 
:DEA is desethylatrazine 
The type of curve fit chosen to represent the calibration curve affected recovery results. A power fit 
resulted in all recoveries being closer to 100% with much less variability among triplicate analysis 
compared to the same data being analyzed with a linear fit (including zero) to the calibration data. 
Pesticides with recoveries both above and below 100% using a linear fit moved almost to 100% 
recovery with a power fit to the calibration data and reintegration of the same chromatographic data. 
In water samples spiked with propachlor, propazine, alachlor, and metribuzin. recoveries changed 
from 103.4 ± 1.84% to 100 J ± 0.79% with a change from a linear fit to a power fit to the 
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chromatographic data. Likewise toluene recoveries from triplicate soil spikes with the same four 
herbicides changed from 108.4 ± 3.54% with a linear fit to 102.2 ± 1.89% with a power fit to the 
calibration data. Similar results were obtained in triplicate extraction of the 16 pesticides/metabolites 
from soil with hot methanol followed by evaporation and extraction. Initial extractions of pesticides 
and metabolites from water with toluene revealed low recoveries for the two dealkylated atrazine 
metabolites. In an effort to improve recoveries, buffered water at a pH of 8.2 with dipotassium 
hydrogen phosphate was utilized along with increased volumes of toluene. The alkaline pH had no 
effect on the extraction of these primary amine metabolites, but an increase in mass of toluene from 
12.5 to 17.5 g did increase the extractability of these metabolites as well as hexazinone. a polar, water 
soluble herbicide, by about 10%. Recoveries of pesticides from water with the larger volume of 
toluene at two different concentration levels are shown in Table 7. All recoveries, with the exception 
of the metabolites and hexazinone, were quantitative (70-110%). Triplicate extractions from water 
showed variation of about 1% for this extraction procedure for all of the pesticides and metabolites. 
Toluene amended with 15 and 30% ethyl acetate improved the transfer of DBA. DIA. and hexazinone 
into the organic fraction. Recovery of DIA increased from 35% with toluene to 78% with the 
addition of 15% ethyl acetate, and to 94% with 30% ethyl acetate in toluene. 
Table 7. Recovery of Pesticides and Metabolites from Water by Toluene Extraction at Two 
Concentration Levels 
Pesticide or Mean Coefficient of Mean Coefficient of 
Metabolite Concentration Recovery Variation Concentration Recovery Variation 
ng/mL % % ng/mL % % 
Trifluralin 25.9 105.9 0.67 78.3 105.1 1.47 
Propachlor 35.0 101.6 1.22 105.7 102.4 1.04 
Chlorpropham 46.6 101.4 1.67 140.7 110.3 1.67 
DIA 35.1 36.4 0.11 105.8 32.1 0.44 
DEA 39.3 18.6 0.69 118.6 15.0 0.60 
Propazine 39.7 100.4 0.62 119.9 99.0 0.80 
Atrazine 40.2 115.5 0.56 121.4 111.2 0.71 
Simazine 33.0 91.4 1.22 99.6 90.7 0.56 
Terbutylazine 37.2 105.6 0.69 112.5 103.4 1.20 
Acetochlor 72.4 107.1 1.09 214.7 104.2 1.31 
Alachlor 65.8 106.5 1.07 198.6 103.6 1.29 
Metribuzin 44.1 99.2 1.71 133.1 98.8 1.33 
Metolachlor 63.6 106.6 0.98 192.0 102.5 1.22 
Chlorpyrifos 31.7 102.3 1.11 95.7 104.2 0.80 
Cyanazine 21.7 92.0 1.27 65.4 92.9 1.76 
Hexazinone 55.8 65.9 0.56 168.4 63.7 0.27 
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Extraction and Recovery of Pesticides and Metabolites from Soil with Toluene 
Extraction of pesticides from soil with organic solvents necessitates the use of water to aid in 
the dispersion of the soil and prevent formation of soil-solvent emulsions. Initial recovery of 
pesticides from soils was investigated using a different combination of water and toluene volumes. 
Thirty and fifty milliliter water volumes as well as 12.5 and 17.5 g amounts of toluene were 
investigated using 40 g of Webster field soil. The different combinations of water and toluene had 
little impact on extractability other than for the very lipophilic pesticides chlorpyrifos and trifluralin. 
For these pesticides, the best combination was 30 mL of water along with 17.5 g of toluene. Single 
trials showed efficiency of extraction increased from 30 to 50% for trifluralin and from 34 to 62% for 
chlorpyrifos with the combination of 30/17.5 water/toluene compared to a 50/12.5 ratio. Some of 
these recoveries may also be low due to the fact that a linear fit to the calibration data was being used 
for these analyses. A power fit to the calibration data would have given higher recoveries for 
trifluralin, simazine. chlorpyrifos, and hexazinone. Recoveries of atrazine, acetochlor. alachlor. and 
metolachlor all significantly exceeded 100% in field soil samples suggesting that background 
amounts of these herbicides were present in the field soil. The atrazine metabolites, especially DE A. 
were not extractable from a freshly spiked soil matrix with toluene. Table 8 illustrates the recovery 
of pesticides and metabolites from field soil by extraction with toluene. 
Table 8. Recovery of Pesticides and Metabolites from Field Soil at Two Concentration Levels with 
Toluene 
Mean Coefficient of Mean Coefficient of 
Pesticide or Concentration Recovery Variation Concentration Recovery Variation 
Metabolite ng/mL % % ng/mL % % 
Trifluralin 18.2 62.8 0.81 42.7 57.0 3.93 
Propachlor 40.0 102.1 1.73 102.0 101.0 2.53 
Chlorpropham 56.5 108.5 0.76 144.4 107.4 3.34 
DIA 11.6 29.5 2.16 26.6 26.3 2.27 
DBA 6.2 14.2 11.60 10.8 9.6 1.10 
Propazine 45.2 101.9 0.97 111.9 97.7 1.52 
Atrazine 53.2 118.6 0.82 124.0 107.2 1.75 
Simazine 31.5 85.2 0.60 73.9 77.8 0.30 
Terbutylazine 41.4 99.3 4.69 108.7 101.3 1.68 
Acetochlor 89.0 112.0 1.44 212.7 103.0 0.44 
Alachlor 90.8 123.2 3.42 201.4 106.3 0.56 
Metribuzin 51.2 103.6 1.37 128.3 100.9 2.67 
Metolachlor 80.8 113.7 0.63 195.7 106.8 0.80 
Chlorpyrifos 23.7 66.5 7.22 57.1 62.6 2.93 
Cyanazine 27.2 112.2 0.77 67.2 107.3 6.20 
Hexazinone 42.5 67.9 5.56 102.1 63.5 1.34 
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Recovery of Pesticides and Metabolites from the Turbovap II Evaporator 
Table 9 illustrates the recovery of pesticides from the Turbovap II evaporator that was used 
to remove methanol from extracts prior to transfer to toluene. One of the three samples tested 
showed a somewhat low recovery for trifluralin and chlorpyrifos, while the other pesticides were 
quantitatively recovered after evaporation at 55° C with an air stream for 40 min. The low recoveries 
for DIA, DEA, and hexazinone are due to their low extractability into toluene rather than evaporative 
losses. 
Table 9. Recovery of Pesticides from Turbovap II Evaporator and Extraction with Toluene 
Pesticide or Sample 1 Sample 2 Sample 3 Mean Coefficient of 
Metabolite % % % Recovery, % Variation. % 
Trifluralin 69.2 79.1 97.1 81.8 8.56 
Propachlor 98.4 100.1 100.7 99.8 0.87 
Chlorpropham 109.5 113.4 115.3 112.7 2.17 
DIA 27.3 26.3 24.4 26.0 1.06 
DEA 12.8 13.8 13.8 13.5 0.45 
Propazine 100.7 100.3 102.3 101.1 0.78 
Atrazine 110.4 109.5 111.8 110.6 0.83 
Simazine 90.1 88.1 88.6 88.9 0.78 
Terbutylazine 105.5 104.3 108.6 106.2 1.66 
Acetochlor 104.1 101.9 106.7 104.2 1.67 
Alachlor 103.7 100.6 106.0 103.4 1.88 
Metribuzin 98.7 95.6 99.1 97.8 1.48 
Metolachlor 106.8 103.0 107.9 105.9 1.95 
Chlorpyrifos 83.5 92.3 101.7 92.5 6.13 
Cyanazine 120.6 113.2 114.2 116.0 3.06 
Hexazinone 60.3 55.8 58.1 58.1 1.49 
Stability of Pesticides and Metabolites in Hot Aqueous Methanol 
The heat stability of pesticides and metabolites in aqueous methanol was tested at 75° C at 1-. 
3-, and 6-h time intervals as shown in Table 10 in both teflon and glass bottles. Trifluralin and 
chlorpyrifos losses were excessive after 3 h in an 80% aqueous methanol mixture at 75° C. These 
losses might be due to sorption to or permeation into the teflon of these bottles so heat stability was 
tested also in glass bottles. However, heat stability in the glass bottles was less than in teflon as 
essentially all the chlorpyrifos and trifluralin were lost in the first hour of incubation. Although 
trifluralin and chlorpyrifos did not survive the 75° C incubation in the aqueous methanol solvent 
these two pesticides do survive the hot methanol extraction procedure when soil is extracted. 
Apparently, organic matter extracted from the soil during the hot methanol procedure protects these 
two pesticides from hydrolysis. 
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Table 10. Heat Stability of Pesticides in Aqueous Methanol at 75° C in Teflon and Glass 
Pesticide or Teflon, 1 Hour Teflon, 3 Hour Teflon, 6 Hour Glass, 1 Hour Glass. 3 Hour 
Metabolite % Recovery % Recovery % Recovery % Recovery % Recovery 
Trifluralin 11.9 10.7 0.0 0.0 0.0 
Propachlor 97.2 96.8 91.4 114.1 112.7 
Chlorpropham 109.4 108.5 85.7 80.3 84.0 
DIA' 25.5 26.5 22.4 33.3 34.5 
DEA- 9.8 10.1 9.9 11.6 12.1 
Propazine 99.0 101.8 72.1 91.4 90.8 
Atrazine 109.4 112.6 79.5 104.6 103.5 
Simazine 89.0 91.8 66.4 90.6 89.5 
Terbutylazine 103.9 106.6 75.2 94.9 94.3 
Acetochlor 100.6 99.5 88.9 101.2 99.1 
Alachlor 99.0 98.0 86.9 101.0 100.8 
Metribuzin 95.4 94.7 91.9 120.0 117.4 
Metolachlor 101.5 101.7 91.4 98.3 97 3 
Chlorpyrifos 72.5 42.4 33.7 0.0 1.6 
Cyanazine 117.6 116.7 84.9 70.5 62.0 
Hexazinone 53.5 57.6 44.8 67.7 68.2 
Recovery of Pesticides and Metabolites from Soil with Hot Methanol 
The data in Table 11 show overall recovery of the 14 pesticides and 2 metabolites from 
spiked soil for the entire process of the hot methanol extraction procedure. The entire process 
encompasses three steps that might lead to low recovery: losses due to heat instability, incomplete 
extraction by hot methanol, and losses during the methanol evaporation step. The two atrazine 
metabolites and hexazinone were not recoverable (<70% recovery) by this procedure, mostly due to 
low extractability from water with toluene. Simazine and cyanazine recoveries by this procedure 
were barely adequate with recoveries slightly under 70%. Simazine recovery from water with 
toluene is the lowest among all the triazines and rarely exceeded 90% probably due to limited 
solubility of this herbicide in toluene. Trifluralin and chlorpyrifos were adequately (>70%) recovered 
from the field soil using hot methanol. Although these pesticides rapidly disappeared in heated 
aqueous methanol, they were somehow protected in extraction from soil. Both of these highly 
lipophilic pesticides probably associate with co-extracted soil organic matter and are therefore more 
resistant to hydrolysis. Recovery of pesticides from wetland soils was not noticeably different from 
the recoveries from field soil. The recovery of the different pesticides was repeatable as the 
coefficient of variation was usually under 1.5%, with the exception of the extraction of trifluralin 
where the variability was 42%. The hot methanol procedure encompassing three steps demonstrated 
adequate recovery of all pesticides of interest with the exception of the two atrazine metabolites. 
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Table 11. Recovery of Pesticides from Spiked Field Soil with Hot Methanol Extraction followed by 
Evaporation and Extraction with Toluene 
Spiked Field Spiked Field Spiked Field Mean Coefficient of 
Pesticide or Sample I Sample 2 Sample 3 Recovery Variation 
Metabolite % Recovery % Recovery % Recovery % % 
Trifluralin 85.7 78.2 74.3 79.4 4.21 
Propachlor 96.2 92.8 93.1 94.0 1.44 
Chlorpropham 103.5 104.4 102.6 103.5 0.59 
DIA1 15.0 15.3 16.3 15.5 0.49 
DEA: 5.6 5.5 5.8 5.6 0.10 
Propazine 94.0 90.4 91.0 91.8 1.44 
Atrazine 93.8 93.9 95.9 94.5 0.92 
Simazine 67.4 65.9 68.7 67.3 0.93 
Terbutylazine 98.0 95.4 95.4 96.3 1.17 
Acetochlor 112.3 111.8 111.6 111.9 0.24 
Alachlor 106.2 101.3 102.9 103.5 1.84 
Metribuzin 92.0 90.4 90.9 91.1 0.59 
Metolachlor 112.9 111.6 112.9 112.5 0.58 
Chlorpyrifos 110.3 106.8 108.4 108.5 1.18 
Cyanazine 67.8 66.7 69.6 68.0 1.09 
Hexazinone 38.6 39.1 42.0 39.9 1.43 
Background Herbicides in Field Soil 
Toluene and especially hot methanol extracts of spiked field soils showed greater than 100% 
recovery for some herbicides, particularly atrazine. acetochlor. alachlor. and metolachlor. Therefore, 
an unspiked field soil sample was extracted with hot methanol, cleaned up by SPE. and analyzed by 
GC-MS to confirm the presence of these four herbicides as background species in the field soil. 
Single ion monitoring of the mass spectrum at the appropriate time windows confirmed the presence 
of atrazine, alachlor. metolachlor. and acetochlor in the field soil. The herbicides, propazine. 
simazine, metribuzin, and terbutylazine were not detected in the unspiked field soil. A separate 
aliquot of the hot methanol extract of the field soil was analyzed by GC-NPD after extraction into 
toluene and the concentrations of the four herbicides present at background levels were calculated. 
Differences in the concentration of the four herbicides in the field soil by the two GC methods of 
analysis were less than 3% for three of the four herbicides. The concentration of metolachlor in the 
hot methanol extract of the field soil showed a difference of about 20% between the two methods of 
analysis. The GC-MS analysis confirmed the presence of the four herbicides as background species 
in a bound form in the field soil and that they are separated and measured without interference by 
GC-NPD. 
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Optimization of the Differential Extraction of Labile/Bound Pesticides from Soil 
The confirmation of significant quantities of background herbicides in the Webster field soil 
by GC-MS opened the possibility of investigation of the ability of the middle extraction step in 
differentiating labile/bound pesticide classes. Ideally the toluene extraction should leave the bound 
herbicides in the Webster field soil largely intact while quantitatively removing freshly added 
herbicides. Toluene extraction of freshly spiked propachlor, propazine. alachlor. and metribuzin 
from this soil recovered 102.2 ± 1.9% of these four herbicides. An investigation was done into the 
effect of shaker speed and water volume on herbicide recovery during the toluene extraction of soils 
with a constant amount of toluene (~ 15 g). Shaker speeds of less than 175 rpm resulted in low 
recovery (-33%) of spiked herbicides. Only 250 rpm was sufficient for quantitative recovery of 
freshly spiked herbicides. The effect of water volume was tested on samples spiked and then stored 
for 22 days at shaker speeds of both 150 and 250 rpm. There was no significant difference between 
samples extracted with toluene at 250 rpm using 60 mL or 100 mL of water from soils in 250 mL 
glass flasks or those extracted using 30 mL of water in 200 mL teflon centrifuge bottles. The 
extractions at 250 rpm removed significantly (p=0.05) more alachlor and propazine from the soil in 
each of the three treatments. These experiments proved the adequacy of the 1 h extraction at 250 
rpm in teflon bottles using 30 mL of added water. The effect of organic solvent composition on the 
extraction of pesticides in soil was investigated in spiked Webster soils with toluene/hexane and 
methanol/water mixtures. The effect of toluene amount in a mixture with hexane on the extractability 
of spiked and background herbicides from soil is illustrated in Figure 4. Three of the four spiked 
herbicides were adequately recovered (>70%) with all of the toluene/hexane mixtures. However, 
metribuzin and background alachlor recovery was dependent on the composition of the extraction 
mixture. This is not surprising as metribuzin is somewhat soluble in water at 1100 mg/L and has 
about 100-fold lower solubility in hexane (-500 mg/L) than it does in toluene (-50.000 mg/L). 
Mixtures with half to two-thirds toluene represented the best compromise between adequate recovery 
of spiked metribuzin and low removal of bound alachlor from the soil. The recoveries of metribuzin 
in these experiments appeared to be displaced downward by 5-15% compared to other recovery 
experiments. For example, recovery of metribuzin and three other herbicides freshly spiked into 
Webster soil were 1022 ± 1.9% in three replicates with toluene as the extractant. Recovery of 
metribuzin with 55% toluene in hexane was 80.0% from another lot of freshly spiked Webster soil. 
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Figure 4. Extractability of Spiked and Background Herbicides from Soil by Toluene/Hexane 
Mixtures 
Methods Development Summary 
A GC-NPD procedure with internal standard quantitation provided multiresidue pesticide 
analysis with a low coefficient of variation (0.5%). Pesticides were extracted from water by toluene 
with essentially complete recovery, other than polar atrazine metabolites and hexazinone. Toluene 
extraction of freshly spiked soils resulted in the quantitative recovery of all chloroacetanilide and 
triazine herbicides. Recovery of the hydrophobic pesticides, trifluralin and chlorpyrifos. from field 
soils with toluene was less satisfactory and reflected bound pesticide formation. Pesticides were 
quantitatively extracted from field soils with a three-step hot methanol procedure that involved 
extraction at elevated temperatures, evaporation, and transfer to toluene. Chlorpyrifos and trifluralin 
were degraded in aqueous methanol solutions, while these two pesticides remained heat stable in the 
presence of soil during a hot methanol extraction procedure. The combination of essentially 
complete recovery of pesticides from water coupled with quantitative extraction of pesticides from 
soil with both toluene and a hot methanol procedure served as a basis for a three-step sequential 
extraction procedure of pesticides from soil and afforded a method for the direct measurement of 
bound pesticides in soil. 
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Soil Series 
Field Soil/Biocide 
Figures 5 and 6 show the changes with time of the extractable and bound forms of the four 
herbicides propachlor, propazine, alachlor, and metribuzin in the Webster field soil. The extractable 
fraction was calculated as the sum of the pesticide residues in the 0.01 M calcium chloride and 
toluene extracts of the field soil. Residue amounts in each sample were normalized to a constant 
spike amount of 0.115 g for statistical purposes prior to calculation of field soil concentrations. 
Propachlor dissipated from the field soil rapidly with a half-life of about 2.5 days even in the 
presence of a biocide. The disappearance of propachlor was more complex than a simple first-order 
rate as plots of the natural log of the concentration versus time still exhibited some curvature. The 
other three herbicides exhibited first-order decay (the natural log of the concentrations were plotted 
against time and linear fits were made to the data). The rate constants for decay of propazine. 
alachlor, and metribuzin in the field soil with biocide were 0.0146.0.0143. and 0.0108 day"1, 
respectively. Correlation coefficients (r) of the fits to the data ranged from 0.95 to 0.98. The rate of 
decay of propachlor was about 4-to 5.5-fold higher than for the other herbicides when fit to a first-
order fit. The half-lives of propazine. alachlor, and metribuzin in the field soil with biocide ranged 
from 47 to 65 days. The decay curve for extractable alachlor appears to be biphasic with a transition 
point at 10 days of storage. Concentrations of bound herbicides as measured by the hot methanol 
extraction in the field soil containing biocide are shown in Figure 6. The alachlor residues were 
divided into two fractions as the field soil contained background residues of this herbicide at a 
concentration of about 27.5 ng/g of which about 83% extracted into the hot methanol fraction. This 
amount of alachlor (27.5*0.83= 22.8 ng/g) was subtracted from the total alachlor measured in the hot 
methanol extracts to arrive at the amount of alachlor arising from the added spike. The bound 
herbicides in the field soil form within the first five days of contact with the soil and then decline 
until about day 20 and remain somewhat static in concentration throughout the rest of the 90-day 
incubation period. The absolute amount of bound herbicides increased by 4- to 5-fold during the first 
five days of incubation in the field soil for the longer lived herbicides of propazine. alachlor. and 
metribuzin. With the exception of metribuzin, the decline in concentration of the herbicides in the 
bound form was about 50% from day 5 to day 20. 
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Figure 6. Bound Herbicides with Time in a Field Soil with Biocide 
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Wetland Soil/Biocide 
The dissipation in wetland soil with time of the herbicides propachlor, propazine. alachlor. 
and metribuzin is shown in Figure 7. Rates of disappearance of extractable herbicides were similar in 
the wetland soil and the field soil for the triazine herbicides, but were faster in the wetland soil by a 
factor of at least two for the chloroacetanilide herbicides. Thus, the first-order rate constants for 
dissipation of metribuzin and propazine were 0.0133 day'1 and 0.0136 day'1 in the wetland soil, which 
are similar to the 0.0108 day"1 and 0.0146 day"1 rates for the extractable portion of these two 
herbicides in the field soil. The rate constants for propachlor and alachlor in the wetland soil were 
0.2688 day"1 and 0.0289 day"1, which are about quadruple and double the rates of dissipation in the 
field soil for these two herbicides. The rate constants in the wetland soil were calculated without the 
residue data for the 90-day samples as the biocide had failed in the wetland soils after about six 
weeks of storage and there was visual evidence of extensive growth of mold. Trendline fits to the 
residue data were not as highly correlated as in the case of the field soils, where all 90 days of the 
data were used, as correlation coefficients (r) for the wetland soil were in the range of 0.83 to 0.88 
for three of the herbicides and was 0.95 for propachlor. Extractable residues in the wetland soil at the 
end of 3 mon of storage were significantly lower than in the field soil samples. Even though moid 
growth was evident in the wetland soils beyond 40 days of incubation, the concentration of bound 
residues in the wetland soil actually increased with time after 35 days as illustrated in Figure 8. A 
drop in extractable residues of 4- to 10-fold accompanied this increase in bound residues in the 
wetland soils at 90 days compared to the 35-day samples. The concentration of bound propazine and 
metribuzin residues in the wetland soil were generally greater than in the field soil at the earlier time 
periods as well as the 3-mon samples. Bound propazine and metribuzin concentrations in the wetland 
soil were in the range of 10 to 15 ng/g in the 5- to 21-day samples, while in the field soil the range 
during the same time period was 5 to 10 ng/g. In the 90-day samples, the concentration of bound 
alachlor, propazine, and metribuzin in the wetland soil was two to five times greater than in the field 
soil samples despite almost complete degradation of extractable residues in the wetland soil. Bound 
residues of alachlor, propazine. and metribuzin reached a concentration of 20 to 25 ng/g in the 
wetland soil after 90 days of incubation, while in the field soil the levels of these three herbicides 
after 3 mon were 5 to 12 ng/g. In the wetland soil, the bound residues of propazine. alachlor. and 
metribuzin at the end of 3 mon represented 53.6 ± 3.0,26.1 ± 0.7, and 60.2 ± 1.5%. respectively, of 
the initial amount of these three herbicides added to the soil. 
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At the end of 3 mon. the percentages of the total herbicides remaining were almost 
exclusively in the bound fraction that was only extractable with hot methanol. Thus, 89 ± 2.4% of the 
total propazine extractable from the wetland soil by the three sequential extractions was only 
extractable by the hot methanol procedure. Similarly, 77.8 ± 2.4% of the metribuzin and 99.3 ± 2.4% 
of alachlor were only extractable with hot methanol after 90 days of storage. By contrast, in freshly 
spiked soil, only 11.5 ± 0.26% of the propazine requires the harsher conditions of the hot methanol 
procedure for extraction from the wetland soil. Similar percentages of alachlor ( 11.4 ± 0.31%) and 
metribuzin ( 12.3 ± 0.16%) were only extractable from freshly spiked wetland soil with hot methanol. 
Bound residues of propachlor were generally absent in the wetland soils as this herbicide degraded 
with a half-life of about 2 days in this soil, even in the presence of a biocide. The degradation of 
propachlor in the wetland soil with biocide appeared to be biphasic as plots of the natural log of the 
concentration versus time were still curvilinear. The residue data from 0.2. and 5 days was used to 
calculate the rate constant and half-life as about 75% of the initially added propachlor had dissipated 
in this time period. 
The changes with time in the percentage distribution of propazine in the three different 
extracts of the wetland soil are shown in Figure 9. The biggest changes with time are seen in the 
fractions extracted by toluene and hot methanol. While that portion extractable by 0.01 M calcium 
chloride decreased by about 2.5-fold from 0 to 90 days, the decrease in the portion extractable by 
toluene was about 25-fold. The proportion entering into a bound state, extractable only by hot 
methanol, increased by 8-fold from 0 to 90 days of incubation. By 90 days, the portion of the easily 
extractable propazine dropped to less than 10% of the extractable herbicide. The distribution of 
propazine among the three extracts in the wetland soil after 90 days of storage resembles the 
distribution of background residues of atrazine in the Webster field soil. The hot methanol portion of 
bound atrazine in the field soil was about 83% of the total, while that extractable by 0.01 M calcium 
chloride represented about 3% and the toluene fraction accounted for the remaining 14% of the total. 
Figure 10 illustrates the changes in propazine distribution with time in the wetland soil on a mass 
rather than a percentage basis. The concentration of propazine extractable by 0.01 M calcium 
chloride dropped more than 4-fold from 0 through 90 days of incubation, while the concentration in 
the bound fraction rose 5-fold from a little over 5 ng/g to greater than 26 ng/g. The concentration of 
propazine extractable by toluene declined with time with a dramatic decrease from 24 ng/g at 35 days 
to 1.3 ng/g at 90 days. 
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The bound fractions of the herbicides in the field soil represented substantially less of the 
initially added spike mass. Only 10.6 ± 0.5% of the initially added propazine in the field soil after 90 
days was in the bound fraction, while in the wetland soil this fraction represented 53.6% of the spiked 
mass. A similar percentage of alachlor (12.1 i 1.6%) was in the bound fraction in the field soil after 
90 days with this amount being about half the amount (26.1 ± 0.7%) in the bound fraction of the 
wetland soil. A higher percentage of metribuzin at 25.9 ± 1.8% of the initially added metribuzin 
ended up in the bound fraction after 90 days of storage in the field soil. While this percentage is far 
less than the 60.2% in the bound fraction in the wetland soil it is more than double the amounts of 
alachlor and propazine sorbed by the field soil into a bound fraction. At the end of three months, the 
major fraction of the total herbicides in the field soil remained within the fraction extractable by 
toluene. Thus, 53.7 ± 2.7% of the total propazine removable from the field soil by the three 
sequential extractions was extracted by toluene, while hot methanol accounted for 29.8 ± 2.3%. 
Similarly, 57.7 ± 5.3% of alachlor and 37.0 ± 1.4% of the metribuzin were extracted with toluene 
from the 90 day aged field soil. The amount in the hot methanol extract for these two herbicides was 
similar to that for propazine as 36.8 ± 0.1% of the total metribuzin and 34.0 ± 4.4% of the alachlor 
residues were in the bound fraction after 90 days. The percentages calculated for alachlor were 
adjusted after subtraction for the amount of background alachlor in the field soil and how it behaved 
when extracted by the three solvents in sequence. Thus 915 ng and 165 ng of alachlor were 
subtracted from analyzed residues of alachlor in the hot methanol fraction and the toluene fraction, 
respectively, before calculation of residue totals and percentages. Although the 30 to 37% of residues 
in the bound fraction of field soil after 90 days are substantially lower than the overwhelming 
majorities seen with the wetland soil, the percentages are still much higher than in freshly spiked field 
soil. In freshly spiked soil only 5.2 ± 0.04% of the propazine and 5.7 ± 0.01% of the metribuzin were 
present in a bound fraction in the field soil at zero days. Similar small percentages of alachlor (5.7 ± 
1.2%) and propachlor (2.8 ± 0.12%) were extractable from freshly spiked field soil with the hot 
methanol procedure. Graphs of the percentage and mass distribution of propazine in the field soil are 
shown in Figures 11 and 12. respectively. Compared to the changes in distribution of propazine in 
the wetland soil with time (Figures 9 and 10), the changes in distribution of propazine in the field soil 
are less dramatic. The percentage of residues in the water and toluene fractions decline with time as 
the percentage in the hot methanol increases and then levels off. The mass in the bound fraction 
peaked at 10 ng/g after 5 days of incubation and then declined and leveled off with the additional 
passage of time. 
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Field Soil/No Biocide 
In soils spiked without the presence of a biocide. degradation of the four herbicides, 
propachlor. propazine, alachlor, and metribuzin, proceeded more rapidly than with biocide and 
generally more rapidly than reported in the literature. Figure 13 illustrates the dissipation of 
extractable forms of the four herbicides in a field soil without biocide. Without a biocide. only 
propazine seems somewhat immune to rapid degradation in the field soil. The first-order rate 
constant for decay of alachlor and metribuzin in the field soil without biocide increased by a factor of 
5.5 and 10-fold, respectively, compared to soil incubated with a biocide. Propachlor degradation was 
more rapid without biocide as evidenced in Figure 13 and the rate constant was calculated at 0.803 
day"1, which is 14 times faster than the rate in the field soil incubated with biocide. By contrast, the 
degradation rate of propazine without biocide was 0.0183 day'1 compared to 0.0146 day'1 with 
biocide in the field soil. The rate constants for alachlor and metribuzin were calculated with residue 
data for the time period from zero to 20 and 35 days, respectively. After 35 days, there was only a 
trace of extractable metribuzin remaining in the field soil sample. The degradation of alachlor in the 
field soil appeared to be biphasic, or curvilinear in plots of the natural log of the concentration versus 
time. The presence of background alachlor in the field soil is likely responsible for the some of the 
bimodal degradation behavior as the background alachlor residues result in a concentration level of 5-
10 ng/g of extractable alachlor. depending on the incubated age of the sample. This phenomenon was 
not encountered in the samples treated with biocide. as this concentration level was not approached in 
any of the incubated samples with biocide present. The biphasic nature of alachlor dissipation was 
revealed in trendlines fitted to plots of the alachlor residue data for the time period before and after 
10 days of storage. The decay rate during the initial 10-day time period was 0.0317 day"1, which 
decreased to 0.0137 day"1 for the time period following 10 days of storage. Trendlines formed from 
the four data points for each time period were highly correlated with an r of 0.99 and 0.97. 
respectively. The residue data versus time all the way to 90 days of incubation for propazine was 
highly linear when plotted as the natural log of the soil concentration as the correlation coefficient 
was 0.99. Calculated half-lives of propachlor. metribuzin. and alachlor were 0.85.6.5 and 8.5 days, 
respectively in the field soil without biocide. These half-lives are significantly shorter than values 
listed in Table 3, which consists of data from the pesticide properties database of the Agricultural 
Research Service. Reported half-lives are 21 days for alachlor and 47 days for 
metribuzin. 
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Bound herbicides in the field soil without biocide are shown in Figure 14. The pattern of the 
concentration of the bound forms with time is similar to the pattern in the soil treated with biocide. In 
addition, the concentration range of the bound forms is similar in soils with and without added 
biocide. Thus, there was a peak in bound levels for alachlor. propazine. and metribuzin at 5 days 
with a decline in concentrations in the next 4 weeks and a slight increase for the 90-day samples. The 
increased rate of dissipation of propachlor in the field soil without biocide resulted in essentially no 
bound residues for this herbicide as were seen in the early time periods in the samples with biocide. 
Bound metribuzin residues were about half those in the soil with biocide after 90 days and reflect the 
short half-life of 6.5 days for metribuzin in this soil. After about 10 to 20 days, there is no reservoir 
of extractable metribuzin in the soil without biocide that might be sequestered into a bound fraction. 
At 21 days of incubation the extractable residues of metribuzin in the soil with biocide were about 40 
ng/g while in the soil without biocide there was only about 2 ng/g. The concentration of propazine 
residues in the bound fraction of the soil without biocide was about 2-fold higher compared to the soil 
stored with biocide. The difference in propazine amounts in an extractable form in soils with and 
without biocide at 10 and 35 days is on average less than 1%. so the available amounts for transfer to 
a bound state are the same in both treatments. One explanation for the higher bound residues of 
propazine in the soil without biocide is that lower amounts of bound propachlor. alachlor. and 
metribuzin in the soil without biocide leave sites available for interaction with the available 
propazine. The sum of bound residues of alachlor. propachlor. and metribuzin in the soil without 
biocide total more than 50 ng/g at 5 days and decline to an average of 26 ng/g between three and five 
weeks of storage before reaching 41 ng/g at 90 days. In the soil with biocide the bound fraction of 
these three herbicides peak at 62 ng/g at 5 days and decline to between 45 and 50 ng/g for times 
between 21 and 90 days of incubation. In other words, it appears that if there are "sites' then they are 
available in the soil without biocide in the time frame after 3 weeks. Indeed, by factoring in the 
bound propazine in the two treatments, the concentrations at 90 days are nearly identical at 54.9 ng/g 
with biocide and 53.5 ng/g for the soil without biocide. Residues of alachlor in the bound fraction of 
the soil without biocide are generally about 10 ng/g lower at the same time period than the residues in 
the soil with a biocide. The peak alachlor concentration in both soils occurs at 5 days and reached 50 
ng/g in the soil with biocide and 41 ng/g in the soil without biocide. The lower amounts of bound 
alachlor residues are a reflection of the shorter half-life of alachlor without biocide. which declines 
from 48.5 days in soil with biocide to 8.5 days without biocide. 
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Wetland Soil/No Biocide 
The behavior of the herbicides, propachlor, propazine, alachlor. and metribuzin in wetland 
soil without biocide is shown in Figures 15 and 16, respectively. Extractable residues of the four 
herbicides decline rapidly without the presence of a biocide especially for alachlor and propachlor. 
While the half-life of propachlor remained about 2 days with and without biocide, the half-life of 
alachlor decreased six-fold without biocide to 4 days. The half-lives of metribuzin and propazine 
decreased 2.5-fold to about 21 days in the wetland soil without biocide. Rate constants for the decay 
of extractable residues of propachlor, alachlor, propazine, and metribuzin in the wetland soil were 
0.314,0.183,0.0332, and 0.0344 day"1, respectively, with correlation coefficients ranging from 0.96 
to 0.99. The rate of decay of alachlor and propazine was faster in the wetland soil compared to field 
soil without biocide. while the rate of decay of metribuzin was much less. Alachlor and propazine 
dissipation in the wetland soil was about double that in field soil without biocide while the rate of 
dissipation of metribuzin in the wetland soil was only one-third that of metribuzin in the field soil. 
The decay of metribuzin and propazine mimic one another in wetland soil with and without biocide 
and in field soil with biocide. Indeed, the difference in propazine and metribuzin decay rates in each 
system is less than 3%. Only in the field soil without biocide is there a large discrepancy between the 
decay rates of these two herbicides. This discrepancy might be due to microorganisms in the field 
soil with a specific capability for metribuzin degradation while not having a similar capability for 
dissipation of propazine. Propazine decay in the field soil without biocide is only about 25% greater 
than without biocide. while metribuzin decays at eight times the rate without biocide. In wetland 
soils the rate of decay of propazine and metribuzin are about 2.5 times faster in the soil without 
biocide than the rate in the biocide-treated soil. Extractable residues of propazine. alachlor. and 
metribuzin were usually 3- to 5-fold greater in the field soil than in the wetland soil at the end of 3 
mon irrespective of the presence of biocide. This is due to the greater transfer in the wetland soil of 
herbicides into the bound fraction along with increased biological activity in the wetland soil in the 
absence of a biocide. Bound residues of herbicides in the wetland soil without biocide are illustrated 
in Figure 16. The bound fraction of both propazme and metribuzin were greater by 2- to 3-fold in the 
wetland soil without biocide compared to the field soil without biocide. The absence of biocide did 
result in lesser amounts of bound alachlor and metribuzin compared to wetland soil incubated with a 
biocide. By 90 days the concentration of these two herbicides in a bound state were about half those 
in a wetland soil with biocide, while propazine residues were somewhat comparable. 
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Summary of Soils with Propachlor, Propazine, Alachlor, and Metribuzin 
Sequential extraction of dosed herbicides in field and wetland soils with and without biocide 
showed that extractable residues of propachlor, propazine. alachlor. and metribuzin dissipated with 
first-order kinetics. The first-order decay was most apparent in soils treated with a biocide. 
Dissipation of extractable residues of propachlor. alachlor. and metribuzin proceeded at rates that 
were 6- to 14-fold faster in field soil without a biocide than in the same soil in the presence of a 
biocide. The difference in dissipation of these same herbicides in wetland soils with and without 
biocide were not as large as in the field soil, perhaps indicating the presence of organisms specific to 
the breakdown of these herbicides in the field soil, especially metribuzin. Extractable residues of 
propazine disappeared at similar rates in field soil with and without biocide and wetland soil with 
biocide. These results indicate that propachlor. alachlor. and metribuzin are primarily transformed 
biologically in field and wetland soils, while propazine disappearance is through abiotic 
transformation, most likely to hydroxypropazine. In the presence of a biocide. the chloroacetanilide 
herbicides, propachlor and alachlor, dissipated faster in wetland soil than in field soil. 
Dissipation of extractable herbicides from the soils exhibited a biphasic disappearance 
pattern, especially in soils without a biocide, indicating two mechanisms of dissipation from the 
extractable fraction. An inflection point at about 10 days of storage indicated the end of transfer of 
herbicides to a bound state in the soil and dissipation from the extractable fraction after this time 
period was almost entirely dominated by degradation to metabolites. As an example of this 
phenomena, alachlor dissipation in the extractable fraction of field soil without biocide disappeared at 
a first-order rate of 0.0317 day'1 in the first 10 day time period, followed by disappearance at a rate of 
0.0137 day'1, thereafter. Bound herbicides were formed rapidly in both the field and wetland soils. 
In field soils, maximum concentrations of bound herbicide residues were formed in the time period 
between 5 and 10 days after pesticide soil contact. In the wetland soil, temporary maximum 
concentrations of bound herbicides were reached in the 10 to 20 day time period, followed by modest 
increases in the concentration of bound metribuzin and propazine upon 90 days of storage. The 
majority of the amount of propazine and metribuzin added to the wetland soil ended up in a bound 
state after 90 days of storage. Almost the entire amount of extractable herbicides in the wetland soil 
after 90 days of storage was in the form of bound herbicides. Half-lives of the herbicides in these 
soils were several fold lower than reported in the literature. Propachlor dissipated rapidly from both 
soils even in the presence of a biocide with a half-life of less than 2 days. 
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Effect of Moisture On Herbicide Residues in Field Soil 
Herbicides were incubated in field soil with biocide at 20% and 30% gravimetric moisture 
contents for periods up to 60 days. The herbicides propachlor, propazine, alachlor. and metribuzin 
were added as spikes and 55% toluene in hexane was used as the extraction solvent rather than 
toluene. The detection of background concentrations of herbicides in the field soil provided an 
opportunity to fine tune the middle extraction step with toluene of the sequential extraction procedure 
so that minimal quantities of bound herbicides were removed prior to the hot methanol extraction. 
Thus, the polarity of the organic solvent was decreased by the addition of hexane. which gave a more 
precise measurement of the amount of pesticides in bound forms, while still giving a quantitative 
extraction of extractable forms of pesticides. Figure 17 illustrates the changes with time of the 
extractable residues for propazine, alachlor, and metribuzin at both moisture contents. Extractable 
residues of propazine were essentially identical in the two moisture regimes during the entire 60 day­
time period. Extractable residues of alachlor and metribuzin were significantly higher in the field soil 
with 30% moisture at 35 and 60 days of storage. The total mass of alachlor and metribuzin from the 
three extracts began to significantly differ at 35 and 60 days between the two treatments with 
significantly more mass in the 30% moisture samples. The amount of metribuzin and alachlor in both 
the 0.01 M calcium chloride and toluene extracts were higher in the 30% moisture samples at 35 and 
60 days of incubation. These data point to less degradation of the extractable residues in the samples 
stored at 30% moisture content. For the 20 and 35 day samples, the masses of propazine and 
metribuzin were higher in the hot methanol fraction from the samples incubated at 20% moisture 
content. The amount of bound alachlor residues were higher in samples stored at a 30% moisture 
level for the 35 and 60 day samples. On a percentage basis the amount of propazine. alachlor. and 
metribuzin extracted by 0.01 M calcium chloride was significantly higher in the 30% moisture 
samples at 35 and 60 days, with no difference in the amounts on a percentage basis in the toluene 
extracts. For example, at 35 days the differences in amounts extracted by 0.01 M calcium chloride on 
a percentage basis between 30% moisture samples and 20% moisture for propazine were 18.9 versus 
14.2%: for alachlor. 10.4 versus 7.4%: and for metribuzin. 34.7 versus 26.2%. In the hot methanol 
fraction, the opposite was true as the 20% moisture samples contained a higher percentage of residues 
in the bound fraction. For instance, after 60 days of incubation, the percentage in the hot methanol 
extract in the 20% samples versus the 30% moisture samples was propazine 31.5 versus 25.7%. 
alachlor 47.5 versus 40.4% and metribuzin 34 J versus 25.4%. 
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Figure 17. Extractable Herbicides in Field Soil with Time and Moisture 
First-order decay was apparent in plots of the natural logarithm of concentration versus time 
for the degradation of propazine in both moisture regimes where r values were both about 0.96. 
Alachlor and metribuzin also decayed with first-order kinetics in the 20% moisture samples with r 
values for extractable residues of alachlor and metribuzin of 0.98 and 0.96. respectively. The decay 
of alachlor and metribuzin in the 30% moisture samples for the zero to 20 day time period is also a 
first-order decay that closely matches the data for the 20% moisture samples. The extractable residue 
decay rates for the 20% moisture regime in the present data set for propazine. alachlor. and 
metribuzin were 0.0198.0.0180, and 0.0131 day"1, respectively. The decay rates for these same 
herbicides in the first data set with 30% moisture were 0.0146,0.0143. and 0.0108 day"' for 
propazine, alachlor. and metribuzin. respectively with r values of 0.95 to 0.98. It appears that decay 
rates are dependent on moisture content in this moisture and time range with higher decay being 
associated with lower moisture rates. The dissipation of extractable residues consists of at least two 
processes, that is, degradation and transfer to a bound state. Degradation of alachlor and metribuzin 
is dependent on biological activity, while degradation of propazine is a largely an abiotic process with 
transformation to hydroxypropazine. The higher extractable residues observed for the soil incubated 
with 30% moisture may indicate failure of the biocide after three to four weeks and suppression of 
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degrading microorganisms by soil fungi through competition and antibiotic production. Soil fungi 
may be more active at 30% moisture rather than at the lower moisture content and sodium azide may 
be less effective against soil fungi compared to soil bacteria. The soil samples stored with 30% 
moisture had heavy growth of mold by the 60 day time period, while mold growth was not observed 
in the samples stored at 20% moisture content. This phenomenon may not have occurred in the first 
soil series as most of the flasks were covered only with aluminum foil and some loss of moisture as 
water vapor occurred. Moisture loss in the first soil series was about 1 g for the 20 and 35 day 
samples but approached 3 g for the samples incubated for 90 days. The pattern of a slowdown in 
degradation rate of extractable residues of metribuzin and alachlor was also encountered in the high 
concentration soil series for the identical 35 and 60 day samples. This soil series was also incubated 
at 30% moisture and sealed with parafilm and mold growth was evident in some of the long duration 
incubated samples. 
Background levels of atrazine and metolachlor were resistant to extraction by 0.01 M calcium 
chloride as only 3.2% of the background atrazine and 1.6% of the metolachlor extracted into aqueous 
solution on average in the samples from 0 to 35 days of incubation. The background field residues of 
atrazine and metolachlor were overwhelmingly extracted only with the hot methanol procedure. 
Thus, 82% of the background atrazine and 73% of the metolachlor were removed only with the 
elevated temperature extraction. In freshly spiked soil, about 8% of the atrazine and 5% of the 
metolachlor remain to be extracted by hot methanol. The distribution of background levels of 
atrazine and metolachlor remained largely constant through 60 days of incubation with only a 
noticeable change in atrazine at 60 days. Background levels of atrazine became more extractable at 
the 60 day time period for both moisture treatments as the amount extracted by toluene increased 
from 15.0 ± 2.3 % to slightly over 30.0 % in the 60 day samples. There was noticeable mold growth 
on some of the 30% moisture samples from the 60 day time period. Background residues of 
metolachlor did not exhibit changes in distribution with time as the hot methanol extract contained 
73.1 ± 3.3% of total residues with all the samples from 0 through 60 days of incubation. Background 
residues of metolachlor begin to decline in the 35 and 60 day incubated samples while there is only a 
slight decline in total atrazine residues. Total metolachlor residues decreased from 22.8 ± 0.3 ng/g in 
the soil in the zero to 20 day samples to 19.0 ng/g in the 35 day samples and to 16.5 ng/g in the 60 
day samples. The decline in background metolachlor residues may indicate failure of the biocide and 
microorganism growth resulting in metolachlor degradation and increased extractability of 
background atrazine residues. Bound residues of alachlor. propazine, and metribuzin with the two 
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different soil moisture contents are shown in Figure 18. Concentrations of bound residues of alachlor 
are significantly higher in the soils stored at 30% moisture content especially in the samples stored 
beyond 20 days. This may be due to the larger availability of alachlor residues in the extractable 
fraction especially after the 20 day time period. The higher concentration of bound propazine 
residues in the samples with lower moisture content reflect the availability of sites for sorption left 
vacant due to lower alachlor and metribuzin levels in the extractable fraction. In other words, the 
higher degradation rates of alachlor and metribuzin in the low moisture samples leads to lower 
concentrations of these herbicides that are available as competitors with propazine for active sites 
and/or filling of micropores. Maximum bound residues of propazine. alachlor. and metribuzin as a 
percentage of the initially added amount did not significantly change in the field soil by the change in 
extradant to 55% toluene in hexane. Thus, maximum bound residues were 23.7.44.6, and 21.9% of 
the spiked herbicide amount for propazine. alachlor, and metribuzin, respectively, in the four comp 
soil series extracted with toluene, while maximum bound residues were 18.0.46.5. and 22.8% for 
these same herbicides in the moisture soil series extracted with toluene/hexane. Average bound 
residues of propazine. alachlor. and metribuzin were 10 percentage points higher in the samples 
extracted with the toluene/hexane mixture after 35 days of incubation. These results indicate that the 
solvent mixture is more appropriate than pure toluene as an indicator of the amount of bound residues 
by these herbicides in field soil. 
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Dark and Light Storage of Samples 
Field soil samples were incubated under light and dark conditions at both low and high 
concentrations with a biocide present. Soils were spiked with propachlor, propazine, alachlor, and 
metribuzin and samples were incubated for 0, 5, 10, and 20 days. Figure 19 illustrates the differences 
in the concentration of bound residues of alachlor and propazine in the soils spiked at a low 
concentration level and stored under different light conditions. There are significantly greater 
amounts of alachlor in a bound form in the samples stored under lighted conditions. The differences 
in the concentration of bound propazine and alachlor residues are not significant (a = 0.05) at 5 days 
of storage. The differences in bound concentrations with light become statistically significant at both 
10 and 20 days of storage for both alachlor and propazine. Figure 20 illustrates bound residues of 
metribuzin and propachlor in the same soil samples in both light and dark conditions. Metribuzin 
showed significant differences in bound residue concentrations among the light and dark stored soils 
at 5, 10, and 20 days. Significant differences in bound residue concentrations of propachlor were 
encountered only in the samples stored under different light conditions for the 10 and 20 day samples. 
The differences in the concentrations of bound residues between the dark and light treatments at 20 
days of storage for propazine. alachlor, and metribuzin are significant beyond an a = 0.001. 
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Figure 19. Bound Herbicides in Field Soil at Low Concentration with Dark and Light Storage 
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Figure 20. Bound Metribuzin and Propachlor Dosed at Low Concentration in a Field Soil with Light 
and Dark Storage 
Figure 21 illustrates the concentration of bound residues of alachlor and propazine in a field 
soil spiked at a high dose and incubated under different lighted conditions. The pattern of bound 
residues with time is similar in the samples dosed at an approximate 5-fold higher concentration as in 
the soils dosed at the low concentration. Again, there is a higher concentration of bound residues of 
alachlor and propazine in the soils stored under lighted conditions. In contrast to the samples dosed 
at low concentrations, significant differences among treatments were evident after 5 days of storage 
with a higher dose for both alachlor and propazine. The differences in the concentration of bound 
alachlor and bound propazine in the soils exposed to light became greater with incubation time. 
Bound alachlor concentrations after 20 days of storage in the soils exposed to light were 2-fold 
greater than in the soils stored in the dark, irrespective of the initial dosage. Thus, bound alachlor 
concentrations in the light and dark treatments at the low concentration dose after 20 days were 63.4 
ng/g and 33.4 ng/g, respectively. In the soils dosed at the higher initial concentration, bound alachlor 
concentrations in the light and dark treatments after 20 days were 144.5 and 79.1 ng/g. respectively. 
The 5-fold larger initial dose only resulted in a 2.3-fold increase in bound residues. 
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Figure 21. Bound Alachlor and Propazine in a Field Soil at High Concentration with Light and Dark 
Storage 
160 0 
5 120 0 
100.0 
6 ao.o 
O 60.0 
•Metribuzin-Light 
•Metnbuzm-Oark 
-Propachtor-Lignt 
-Propachlor-Oark 
8 10 12 
Time, Days 
Figure 22. Bound Metribuzin and Propachlor in a Field Soil at High Concentration with Light and 
Dark Storage 
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Figure 22 illustrates the concentration of bound residues of metribuzin and propachlor in dark 
and light storage conditions with a high initial dose of herbicides. There are significant differences in 
the concentration of bound residues of metribuzin under the light treatment. Concentrations of bound 
residues of metribuzin and propazine after 20 days of storage are about 50% greater in the soils 
stored in light irrespective of the dose. In the soils dosed at the high initial concentration, bound 
metribuzin concentrations in the light and dark treatments after 20 days were 143.7 and 94.0 ng/g, 
respectively. Bound metribuzin concentrations in the light and dark treatments at the low 
concentration dose after 20 days were 19.8 ng/g and 14.4 ng/g, respectively. The greater 
concentration of bound residues of metribuzin at the high dose closely followed the 8-fold increase in 
dose compared to the low concentration samples. In the soils dosed at the high initial concentration, 
bound propazine concentrations in the light and dark treatments after 20 days were 81.4 and 53.0 
ng/g, respectively. Bound propazine concentrations in the light and dark treatments at the low 
concentration dose after 20 days were 15.0 ng/g and 10.6 ng/g, respectively. There are significant 
differences between the concentration of bound residues of propachlor. propazine. alachlor. and 
metribuzin among the light and dark storage conditions at 5. 10. and 20 days of storage in the high 
dose treatment. 
Figures 23 and 24 illustrate the change in the bound residues of the four herbicides with time 
under different light storage conditions at a high herbicide dose but without a biocide. The same 
pattern of increased herbicides in the bound fraction with light storage is seen without biocide as with 
biocide although degradation is evident in the bound residues of propachlor and metribuzin. The 
differences in the light and dark samples was not significant at 5 days of storage for any of the 
herbicides, in contrast to the significant differences encountered with storage with biocide. At 10 and 
20 days of storage, the bound fraction of propazine. alachlor. and metribuzin was significantly higher 
in samples stored with light in compared to samples stored in the dark. The differences in bound 
residues of propazine, alachlor, and metribuzin with storage conditions at 20 days without biocide 
became highly significant at a probability of a = 0.001 just as with the samples stored for 20 days 
with biocide. Similar to die results with a biocide, the concentrations of bound residues of metribuzin 
and propazine after 20 days of storage are about 50% greater in the soils stored in light. Similarly, 
bound alachlor concentrations after 20 days of storage in the soils exposed to light were 2-fold 
greater than in the soils stored in the dark, irrespective of the presence of a biocide. 
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Figure 23. Bound Propachlor and Alachlor in a Field Soil without Biocide at High Concentration with 
Light and Dark Storage 
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Figure 24. Bound Propazine and Metribuzin in a Field Soil without Biocide at High Concentration 
with Light and Dark Storage 
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Field Soil High Concentration Dose 
Field soil was spiked with a high dose of propachlor, propazine, alachlor, and metribuzin, and 
incubated at a 30% moisture level with and without biocide for periods up to 90 days. Extractable 
residues of propazine declined at the same rate (0.0143 day'1) with a high dose as they did in the low 
dose regime (0.0146 day'1) of the first four comp soil series. Both of these rates are somewhat slower 
than the rates observed for extractable propazine decay (0.0195 day"') in the moisture soil series. 
This last rate is probably a more valid comparison for the samples dosed at the higher concentration 
as the extradant in both the high concentration and moisture soil series was 55% toluene, and the 
same lot of field soil was used. This would imply that the rate of decay decreased by 25% compared 
to the low dose as the amount of added herbicide increased by 4.5-fold. The decay of propazine 
involves at least two separate mechanisms, that is, abiotic transformation to hydroxypropazine. and 
transfer to a bound state. At the lower dose, the amount of propazine transferred to a bound state is a 
larger fraction of the total than at the higher dose as illustrated in Figure 25. and this may account for 
the different decay rates of the extractable propazine fraction. 
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Figure 25. Propazine Distribution in Extracts of Field Soil Dosed at Low and High Concentrations 
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On a mass basis the amount of propazine in a bound state in the samples treated at the 4.5-fold higher 
dose increased in accord with the dose except for the zero day samples. At time zero, the amount of 
propazine in a bound state is only 3.2-fold greater in the high dose samples compared to the samples 
dosed at the lower concentration. Beyond time zero, the amount of propazine in a bound state is 
about 5.1-fold greater in the high dose samples compared to the samples dosed at the lower amount. 
The dissipation of extractable propazine residues in field soil occurs in two stages as the plot 
in Figure 26 illustrates. Decay is biphasic with a rate of decay of 0.0247 day'1 for the first 20 days of 
incubation followed by dissipation at half the initial rate after the first 20 days of incubation in the 
soil. The rate of hydroxypropazine formation is first-order, and independent of moisture content and 
presence or absence of biocide in field soil at low spiked doses, at least for conditions tested in this 
study. The rate of disappearance of propazine in the original soil series for the first 35 days is 0.0211 
day'1 with biocide and 0.0214day"' without biocide. These rates are close to the rates of decay 
observed in the moisture soil series. Extractable propazine decay in the moisture soil series also 
displayed biphasic decay behavior. 
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Figure 26. Extractable Propazine Dissipation in Field Soil with Time at High Concentration 
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The dissipation curve from 0 to 20 days shows a rate of 0.0332 day"1, followed by a slower rate of 
0.0138 day'1 from 20 to 60 days. Both exponential decay curves are highly correlated with the data 
with 0.993 and 0.996 correlation coefficients. It is hypothesized that the biphasic decay curve results 
from formation of bound propazine residues in the first 20 days of storage and after completion of 
this process the decay curve reflects the conversion of propazine to hydroxypropazine. In other 
words, in the first 20 days of storage, two separate processes occur, that is. abiotic degradation and 
formation of bound residues. The combination of the two processes or mechanisms leads to a higher 
dissipation rate. 
In the moisture soil series, the extractable fraction of alachlor and metribuzin also displays 
biphasic decay behavior in the 20% moisture set. Separate decay curves could again be fit to the data 
from 0 to 20 days and from 20 to 60 days with highly correlated fits (r > 0.98). Rates of dissipation 
for alachlor and metribuzin were slower by about one-third after 20 days compared to the rates for 
the dissipation of these herbicides in the first 20 days of incubation. Alachlor and metribuzin 
dissipation from the extractable fraction also occurs via at least two mechanisms with biotic 
degradation and transfer to a bound state accounting for the dissipation. Abiotic degradation of these 
two herbicides is probably a minor factor in their dissipation just as biotic degradation is a minor 
factor for propazine degradation. Figure 27 illustrates changes in the extractable fractions of 
propachlor, alachlor, and metribuzin with time in field soil dosed at a high concentration and stored at 
30% moisture with biocide. As in the 30% moisture set of the moisture soil series the residue points 
at 35 and 60 days for alachlor and metribuzin appear to be atypical implying a change in the 
conditions in the soil. In addition, the pronounced loss of extractable alachlor and metribuzin 
following 60 days of storage coincide with the appearance of mold growth in the samples indicating 
failure of the biocide. Karapanagioti et al. (2000) noted that sodium azide only delayed the onset of 
microorganism growth in some samples for a period of 15-30 days in experiments with sorptive 
uptake of phenanthrene to fractions of sand and gravel materials. A more diverse and much higher 
population of microorganisms would be expected in field soil samples than in alluvial sand and 
gravel deposits adding to the potential for biocide failure. It appears that biocide failure and the 
consequent growth of mold suppresses microorganisms that have the capability of degradation of 
alachlor and metribuzin. 
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Figure 27. Extractable Herbicides in Field Soil with Time at a High Concentration Dose 
Bound forms of herbicides in field soil at the high dose are shown in Figure 28. Peak 
concentrations of bound herbicides reached after 5 to 20 days of storage. Decay rates of the bound 
fraction appear to be first-order after the initial buildup of these residues in the first one to three 
weeks of storage. The first-order decay rates of the bound residues of propachlor. alachlor. 
propazine. and metribuzin are 0.0205.0.0095.0.0069. and 0.0052 day"1, respectively, with r values 
of mostly 0.95-0.97. The decay rates of bound residues are less than half those of the extractable 
residues of the same herbicide during a similar time period. Thus for propazine. the extractable 
residue fraction decayed at a rate of 0.0120 day 'during the time period following 20 days of storage 
while the bound fraction dissipated at a rate of0.0069 day ' from 5 to 90 days of storage. The 
transition in rates at 20 days of storage indicates that bound residue formation is complete by this 
time, and thereafter extractable propazine residues decay at the rate of formation of 
hydroxypropazine while bound residues decay at a slower rate dependent on release from a bound 
state. 
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Figure 28. Bound Herbicides in Field Soil with Time at a High Concentration Dose 
Extractable alachlor decay rates are in the range of 0.0163 to 0.0205 day"1 while those of 
metribuzin are 0.0113 to 0.0122 day'1. These rates are more than double the rates of decay of the 
bound residue fraction. The atypical data points at 35 and 60 days for extractable alachlor and 
metribuzin may arise from a displacement of bound forms of these herbicides back into the 
extractable phase compared to the other sample dates probably due to changes in the biological 
conditions of the soil. Although the extractable residues at 35 and 60 days are higher than expected, 
the sum total of the extractable and bound forms are not and the total residues at 35 and 60 days fit 
with the other data. Thus, the sum totals of the extractable and bound metribuzin fractions from 5 to 
60 days are similar and highly correlated (r = 0.96) with a decay rate of only 0.0016 day"1. After 60 
days there is a sizeable drop in the sum totals of both the alachlor and metribuzin residues as mold 
growth became evident in the samples. The sum total of the extractable and bound fractions of 
alachlor for the six time periods ( 18 samples) from 0 to 35 days were highly correlated (r = 0.92) 
with a decay rate of only 0.0027 day"1. By comparison the decay curve for the sum total of the two 
propazine fractions from 0 to 60 days was much steeper with a rate of 0.0129 day"1 with a high 
correlation coefficient (r = 0.99). The behavior of metribuzin in the moisture soil series (low dose) 
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was similar to the behavior at the higher dose. In the 30% moisture set, the sum of the two residue 
fractions displayed a very low slope (0.003 day'1) for the decay of metribuzin. Dissipation of the 
total propazine residues in the moisture series at low dose was also similar to the behavior at the 
higher concentration. Total propazine residues exhibited a decay rate of 0.0156 day" ' and the decay 
curve was highly correlated with the data points (r% = 0.99). Alachlor has more of a propensity to 
form bound residues than either metribuzin or propazine. At the high dose, 26.2% of the initially 
added alachlor was in a bound state after 20 days of storage, while only 17.8 and 20.2 % of the 
initially added propazine and metribuzin, respectively, were in a bound form after 20 days of storage. 
In the moisture soil series, similar behavior was noted as 31.1.15.9. and 21.6 % of the alachlor. 
propazine, and metribuzin, respectively, were in a bound form after 20 days of storage. This 
phenomena may be due to the liquid state of alachlor at room temperature, while metribuzin and 
propazine are crystalline solids at room temperature. These observations are in accord with Polanyi 
sorption theory, which predicts that liquids will outcompete crystalline solids for sorption sites and/or 
micropores. At the high dose the amounts of alachlor. propazine. and metribuzin were 3.5-. 4.9-. and 
7.7-fold greater than the amounts used in the low dose set of samples. The ratios of bound alachlor. 
propazine, and metribuzin after 20 days of storage in the two dose regimes were 2.9. 5.4. and 7.2. 
respectively. The higher doses of metribuzin and propazine relative to alachlor led to less alachlor in 
a bound state in the high dose regime. Even at these higher doses, the capacity of the field soil to 
form bound residues has not been reached. 
In field soils dosed at a high concentration without biocide. the bound fraction is a higher 
percentage of the total remaining herbicide compared to the treatment with biocide. Significant 
differences among treatments are evident in the percentage of bound metribuzin and propazine after 
as little as five days and become greater with the longer incubation times. Bound metribuzin after 
five days is 21.4% of the total metribuzin residues without biocide compared to 18.2% with biocide 
with a standard deviation of 0.25. By 20 days of storage the bound fraction of metribuzin was 50.2% 
of the residues without biocide and 23.4% with biocide. Bound propazine was not only greater on a 
percentage basis in the samples without biocide but also exceeded the amount of bound propazine in 
the samples with biocide on a mass basis in the first 35 days of samples. The increased mass of 
propazine in a bound state in the samples without biocide reflects its availability in these samples 
compared to the other more biodegradable herbicides and also the availability of unused "sites" in 
these samples. As a consequence of the degradation of extractable residues without biocide and the 
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formation of bound residues, the distribution coefficients (KD) change markedly with time. Thus, the 
Kd for propazine changed from 4.0 at zero days to 17.9 by 90 days. Changes were more dramatic for 
metribuzin due to increased biodégradation and the KD increased from 1.85 to 26.7 during the 90 day 
time period. The field soils spiked at a high concentration without biocide reflect conditions in the 
field and make published KD values only applicable to field situations during the first few days after 
application. For longer time periods, degradation of the herbicide and a time adjusted KD value will 
be necessary to calculate potential concentrations in surface runoff. 
Summary of Results with Moisture, Light, and High Concentration Treatments 
Propazine, alachlor. and metribuzin dissipated from the extractable fraction of field soil 
stored at two different moisture levels at the same rate during the first 20 days of pesticide-soil 
contact. Thereafter, extractable residues of alachlor and metribuzin were higher on soils stored at a 
30% moisture level than at a 20% moisture level. As these two herbicides are degraded biologically 
and the soil at the 30% moisture level showed mold growth, although containing a biocide. it was 
postulated that the combination of bacterial suppression by the biocide and growth of mold inhibited 
biodegrading organisms in the soil at 30% moisture and led to higher extractable residues of alachlor 
and metribuzin. Extractable propazine residues, which dissipate abiotically. disappeared at the same 
first-order decay rat in both moisture treatments and exhibited a biphasic decay pattern. Bound 
residues of alachlor were higher in the 30% moisture treatment due to the higher concentration of 
alachlor in an extractable form in this treatment. At most sampling periods, the bound residues of 
propazine and metribuzin were higher in the 20% moisture treatment. As bound alachlor residues 
were lower in the 20% moisture treatment it was postulated that this allowed metribuzin and 
propazine to compete for and fill sites left by the lower amount of alachlor in the 20% moisture 
treatment. The concentration of bound pesticide residues in soil was affected by the presence of 
light. Bound residues were higher under lighted conditions at both a low and high dose of herbicides 
in the soil as well in soils with and without a biocide. Treating soils with a higher initial 
concentration of the herbicides, propachlor, propazine. alachlor. and metribuzin. resulted in higher 
concentrations of bound herbicide residues. However, the increase in the amount of bound herbicide 
residues was less than the increase in the added herbicide amount. This was taken as an indication of 
nonlinear isotherms and the presence of a limited number of sites for bound pesticide formation. 
Biphasic dissipation of propazine was very evident in the soil dosed at a high concentration. 
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Irradiated Soil 
Fungal growth was evident in soils, even with a biocide, after about four to five weeks of 
incubation. This was particularly true with the wetland soils where a dense growth of mold covered 
the top of the soil in samples incubated for the 60 and 90 day periods. Interestingly, the growth of 
mold was evident at an earlier date and became thicker in the soil samples where a biocide was 
incorporated into the soil. Similar mold growth was noticed in samples of field soil with biocide 
when samples stored beyond 5 weeks. Mold growth was somewhat evident in the field soil without 
biocide but it was harder to detect by sight or smell in these samples compared with the samples 
stored for long periods with a biocide. Therefore, both soils were irradiated with electrons to 
eliminate biological activity. The behavior of six pesticides was examined in field and wetland soil 
after irradiation, and non-irradiated soil with and without a biocide was used for comparison to the 
results from the other soil series. The six pesticides spiked into the soils were trifluralin. atrazine. 
alachlor, metolachlor, chlorpyrifos, and cyanazine. Sodium azide was added as a biocide to the 
irradiated soil samples as a supplementary biological control agent. 
Field Soil 
Figure 29 illustrates the change in the concentration of extractable atrazine with time in the 
three different field soil samples. In all three cases, degradation follows first-order kinetics with 
dissipation of atrazine proceeding fastest in the sample without biocide and slowest in the irradiated 
soil. The difference in the rates between the irradiated soil with biocide and the non-irradiated soil 
with biocide reflects the sterilization of the soil by the irradiation treatment. There is only about a 
30% difference in the rates of degradation of atrazine among the treatments reflecting the largely 
abiotic transformation of atrazine to hydroxyatrazine. Some of the higher rate of degradation of 
atrazine in the soil without biocide may result from increased availability of sites for bound atrazine 
formation due to the dissipation of the easily degradabie chloroacetanilides. alachlor and metolachlor. 
As with propazine in the high concentration series, the degradation curves for atrazine are biphasic. 
This is most noticeable in the sample without biocide as two decay curves can be fit to the early and 
late storage dates. A decay curve with a slope of0.0469 day'1 and r = 0.96 describes the first ten 
days of atrazine dissipation and the intercept (64.7 ng/g) is more in line with the zero day data (67.4 
ng/g) than the curve describing the full data set. 
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Figure 29. Extractable Atrazine in Field Soil with and without Irradiation and Biocide 
The residue data after 10 days of incubation is better described by an exponential decay 
curve with a rate of 0.0223 day"' and r = 0.97. Extractable cyanazine decayed at rates very similar to 
atrazine in the soils with biocide but at a much faster rate without biocide. Rates of decay in the 
irradiated soil and the non-irradiated soil with biocide were 0.0186 and 0.0239 day"1"1"'11 are similar 
to the decay rate of atrazine in these same soil samples. Cyanazine decay in the field soil without 
biocide was more than double the rate in the samples with biocide as the first-order decay rate was 
0.0563 day"1 As with atrazine, first-order decay curves in the three soil treatments are highly 
correlated with correlation coefficients over 0.95. Cyanazine also exhibits biphasic decay behavior 
especially in the soils stored without a biocide. The decay rate for disappearance of cyanazine from 
the extractable fraction for the first 10 days was 0.0882 day"1, while a decay rate of 0.0511 day"1 
described the decay of cyanazine after the 10 day time period. Both portions of the fitted decay curve 
exhibited correlation coefficients in excess of 0.97. 
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Figure 30 illustrates the changes in bound atrazine residues in the three treatments of field 
soil. The soil without biocide had the highest concentration of bound atrazine with the soils treated 
with biocide having the lowest concentration of bound residues. This is exactly opposite the 
magnitude of the rates of degradation of extractable atrazine residues, as the lowest dissipation rate 
was in the irradiated soil and the highest degradation rate was in the soil without biocide. The higher 
concentration of bound atrazine in the soil without biocide probably results from increased 
availability of sites for bound atrazine formation due to the dissipation of the easily degradable 
herbicides cyanazine, alachlor and metolachlor. In soils without biocide these three herbicides decay 
at rates 4- to 6-fold greater than in soils that are irradiated and stored with a biocide. 
Figure 31 illustrates the decay of extractable metolachlor in the three treatments. The decay 
in the soil without biocide is noticeably greater than in the two soils with added biocide. This reflects 
the largely biotic degradation of metolachlor to metabolites such as sulfonic acid and oxanilic acid 
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Figure 30. Bound Atrazine in Field Soil with and without Irradiation and Biocide 
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metabolites. The decay in the irradiated soil and the non-irradiated soil with biocide are not 
significantly different with low decay rates of 0.0081 day-'. This decay rate is 2.5-fold lower than 
the decay rate of atrazine in the samples treated with biocide. By contrast, extractable metolachlor 
decay in soils without a biocide is nearly identical to the decay rate of extractable atrazine in soils 
without a biocide. The decay curves of metolachlor for all three treatments demonstrate biphasic 
decay behavior. This is particularly evident in the soil without biocide. The fit to the data for the 
time period from 0 to 10 days of storage has a decay rate of0.0539 day"', while the decay rate after 
this time period is 0.0237 day'. The first 10 days of the irradiated soil and nonirradiated soil with 
biocide decay at 0.0217 day ' and 0.0292 day ', respectively. After 10 days of storage extractable 
metolachlor decay in these two soils slows to 0.0064 day'and 0.0062 day', respectively. The 
higher rates of decay in the first ten day time period reflect the formation of bound metolachlor 
residues. 
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Figure 31. Extractable Metolachlor in Field Soil with and without Irradiation and Biocide 
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Figure 32. Bound Metolachlor in Field Soil with and without Irradiation and Biocide 
Figure 32 illustrates the formation of bound metolachlor with time in the three soil 
treatments. There is little difference in the concentration of bound metolachlor residues in the three 
treatments other than at 5 and 60 days with the soil without biocide. Bound residues of the 
metolachlor, a liquid, increase with time and reach a maximum after 35 days of storage. By contrast, 
the maximum concentration of bound residues of atrazine is reached after 2 to 5 days of storage with 
a slight decline in concentrations in the 5 to 35 day storage period. Extractable residues of alachlor 
in the three soil treatments behave similar to residues of metolachlor. Dissipation in the two 
treatments with biocide is slow, with decay rates of 0.0103 day' and 0.0118 day', respectively, in 
the irradiated and non irradiated soils with biocide. These rates are slightly faster than the decay rates 
of metolachlor in the same two soil treatments where decay of extractable residues proceeded at a 
0.0081 day' rate. Alachlor disappears much faster than metolachlor in soils without biocide. Thus, 
the decay rate of alachlor without biocide was 0.0417 day' and decay was biphasic. Alachlor in the 
0 to 10 day time period dissipated at a rate of0.1242 day ' and after this time period the decay rate 
dropped to 0.0293 day'. The two decay rates for dissipation of alachlor from the two time periods 
were highly correlated with the data (r > 0.97). By contrast, an exponential fit to the entire data set 
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for decay of extractable alachlor was much less correlated (r2 = 0.89). Decay in the two soils with 
biocide was also biphasic as extractable residues of alachlor dissipated rapidly for the first ten days 
and then slowed considerably. Dissipation rates in the first ten day time period in the irradiated and 
nonirradiated soil with biocide were 0.0299 day' and 0.0408 day', respectively. After ten days, 
extractable alachlor dissipated at rates of 0.0078 day' and 0.0091 day', respectively, in the 
irradiated soil and nonirradiated soil with biocide. The dissipation of alachlor, atrazine. cyanazine. 
and metolachlor from the extractable forms in the irradiated soils during the first ten days of storage 
is similar and averages a decay of 0.0283 day '. Thus, decay rates for the first 10 day time period for 
these herbicides were 0.0299,0.0279.0.0336, and 0.0217 day', respectively, for alachlor. atrazine. 
cyanazine. and metolachlor, respectively. Extractable residues of trifluralin and chlorpyrifos 
remained at a steady but low concentration throughout the storage period. Very little if any trifluralin 
and chlorpyrifos were extracted by the dilute calcium chloride extradant in any of the soil samples, 
even those that were spiked and immediately extracted. Extractable residues of trifluralin and 
chlorpyrifos remained in the 7-9 ng/g and 10-15 ng/g concentration range, respectively, in all soil 
treatments and all time periods, except the last two sample dates in the soil without biocide when 
levels fell to about 5 ng/g. 
Extractable residues of the herbicides trifluralin. atrazine. alachlor. metolachlor. and 
cyanazine along with the insecticide, chlorpyrifos. with time in irradiated field soil are shown in 
Figure 33. The biphasic character of the dissipation of the pesticides is evident in the graph. There is 
a steep decline in extractable residues for the 5 day period after initial dosage of the soil followed by 
a steady, but much slower decay in the extractable residues. Slow decay rates were exhibited by 
trifluralin and chlorpyrifos of 0.0039 day' and 0.0060 day', respectively. Atrazine and cyanazine 
decayed at the fastest rates, with decay of 0.0185 day ' and 0.0186 day '. respectively. Alachlor and 
metolachlor had intermediate decay rates between those of the hydrophobic pesticides, trifluralin and 
chlorpyrifos. and those of the triazine herbicides. The decay of alachlor and metolachlor in the 
irradiated field soil was well behaved, and did not exhibit any of the anomalous behavior encountered 
at 35 and 60 days of storage in the 30% moisture and high concentration samples. The decay rate of 
alachlor in the irradiated soil (0.0103 day') is significantly smaller than that observed in the other 
soil series. Extractable alachlor decay in other soil series without irradiation, but with biocide. were 
0.0143,0.0163, and 0.0180 day'. Irradiation is thus necessary to eliminate residual biological 
activity that is not completely suppressed by the use of a biocide. 
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Bound residues of the six pesticides in the irradiated soil with time are illustrated in Figure 
34. Bound residues are rapidly formed and generally reach maximum concentrations in the first five 
days of incubation in the soil, which corresponds to the sharp drop in extractable residues observed in 
the first five days of storage. The concentration of bound residues of atrazine, cyanazine, trifluralin. 
and chlorpyrifos decline and then level off as storage time becomes longer. The bound residues of 
alachlor and metolachlor continue to rise after reaching a temporary peak after five days of storage. 
This behavior may be due to the liquid nature of alachlor and metolachlor which allows a tighter 
packing density of these herbicides in micropores of soil organic matter as postulated by Xia and Ball 
( 1999). They observed that liquid chlorobenzenes and liquid PAH's behaved differently than solid 
compounds of these same chemical classes in sorption to a subsurface aquitard soil. Modeling of the 
sorption data with Polanyi-type isotherms showed a single, highly correlated fit of volume of solute 
adsorbed by the soil when plotted against sorption potential density for all the liquid chemicals. In 
addition, all the liquid chemicals that were tested exhibited a common value of the adsorption 
capacity. The solid chemicals exhibited sorption capacities substantially lower than those of the 
liquids. The decline in bound residues of atrazine and cyanazine after 5 days of storage may be due 
to displacement of these herbicides from micropores by alachlor and metolachlor. 
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A substantial portion of the initially added pesticides was transformed into a bound state in 
the soil. Maximum bound residues as a percentage, ranged from 20 to 57 % of the initially added 
amount. Bound residues of atrazine, alachlor, and metolachlor were 20, 26, and 30%. respectively, of 
the added amount after subtraction of the bound background amounts of these herbicides in the soil. 
A much higher percentage of chlorpyrifos, cyanazine. and trifluralin entered into a bound state in the 
irradiated soil. Between 55 and 57% of the initially added amounts of these three pesticides became 
bound after 5 days of storage. Total pesticide residues with time in the irradiated field soil are 
illustrated in Figure 35. The concentrations of metolachlor, alachlor. chlorpyrifos. and trifluralin 
remain relatively constant throughout the storage period after the first five days of incubation. 
Residues of atrazine and cyanazine decline with time, presumably from transformation to 
hydroxyatrazine and hydroxycyanazine. Total residues of atrazine in the three soil treatments are 
shown in Figure 36. The amount of total atrazine in the soils is largely independent of whether the 
soil was irradiated or treated with a biocide. Although extractable atrazine residues are substantially 
lower in the soil without a biocide (Figure 29). the concentration of bound atrazine was highest in this 
soil (Figure 30) leading to almost identical concentrations of atrazine in the three soil treatments. 
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Total metolachlor residues in the three soil treatments are illustrated in Figure 37. In contrast 
to the behavior of atrazine. substantial differences are apparent in the total residues of metolachlor 
among the three soil treatments. About half of the total metolachlor dissipates through metabolite 
formation in 35 days of incubation in the soil without biocide. reflecting the biotic nature of the 
transformation of this herbicide. The concentration of total metolachlor residues in the two soils 
treated with biocide remains constant at about 160 ng/g in the irradiated soil, and at about 150 ng/g in 
the nonirradiated soil after 5 days of storage. The residual biological activity of the soil is evident in 
the difference in the total metolachlor concentrations between the irradiated and nonirradiated field 
soils. The total residues of cyanazine in the three soil treatments differed among themselves in 
contrast to the behavior of atrazine. Substantial differences in total residues were apparent with a loss 
of two-thirds of the residues from the soil without biocide after 35 days of storage. The differences 
among treatments may reflect the biotic conversion of cyanazine to cyanazine amide. Alachlor 
behaved similarly to metolachlor when total residues in the three soil treatments were examined. 
There was more dissipation of alachlor in the soil without biocide and a wider difference in 
concentration between the irradiated and nonirradiated soil reflecting the more easily 
degradabie nature of alachlor. 
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Wetland Soil 
Extractable residues of atrazine in the three soil treatments in the wetland soil with time are 
shown in Figure 38. The first-order decay rate of atrazine in irradiated wetland soil (0.0197 day* I) is 
nearly identical to that in the irradiated field soil (0.0185 day-'). The first-order decay rates of 
atrazine are 40 to 50% higher in the nonirradiated wetland soil than the matching treatments in the 
field soil. The decay of atrazine in the nonirradiated field soil with biocide behaved much more like 
atrazine in the irradiated field soil, while the decay of atrazine in the nonirradiated wetland soil 
behaved like atrazine in the wetland soil without biocide. This difference in atrazine behavior 
between the two soil types probably reflects greater microbiological populations and diversity in the 
wetland soil, which overwhelms the capability of the biocide to suppress biological transformation of 
atrazine to metabolites. The decay of extractable atrazine residues in the wetland soil is also biphasic. 
The decay rate in the soil without biocide is 0.0665 day* for the 0 to 10 day time period, and drops 
to a rate of 0.0277 day' thereafter. The comparable rates in the field soil were 0.0469 day' and 
0.0223 day'. The biphasic decay rates in the irradiated wetland soil were 0.0334 day' and 0.0162 
day', for the 0 to 10 day time period and the 10 to 35 day time period, respectively. The rate in the 
0 to 10 day time period is one-fifth greater than the rate in the same time period in the field soil. 
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Figure 38. Extractable Atrazine in Wetland Soil with and without Irradiation and Biocide 
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The higher rates of dissipation of atrazine from the extractable fraction of the wetland soil 
compared to the field soil are reflected in higher concentrations of bound atrazine in the wetland soil 
as illustrated in Figure 39. Bound atrazine concentrations in the wetland soil are about 30 ng/g from 
5 to 20 days of storage. By contrast, in field soil the bound atrazine concentration, in this same time 
period, averaged about 25 ng/g among the three soil treatments, and includes background levels of 
atrazine in the field soil of about 10 ng/g. Thus, decay rates of atrazine that are nearly 50% greater in 
the wetland soil, during the initial 10 day storage period, are reflected in bound residues of atrazine 
that are at least 50% greater in the wetland soil. There is little difference in the concentration of 
bound atrazine in the three treatments of the wetland soil, except at 35 days. By contrast, in the field 
soil bound residues of atrazine were consistently higher in the soil without biocide during the entire 
storage period. The pattern of formation of bound atrazine residues in the wetland soil is similar to 
that in the field soil with rapid formation of bound atrazine in the first five days of storage followed 
by a nearly constant concentration of bound residues after the first five day storage period. There 
was little decline, on average, of bound atrazine residues with time in the wetland soil, while a 
noticeable decline in the concentration of bound atrazine occurred in the field soil samples with time. 
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Figure 39. Bound Atrazine in Wetland Soil with and without irradiation and Biocide 
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The dissipation of metolachlor in the three soil treatments of the wetland soil is shown in 
Figure 40. The decay of metolachlor is in the wetland soil is substantially faster in the soils with 
biocide compared to the same treatments in the field soil, while in the wetland soil without biocide 
the decay of metolachlor is slightly slower than in the field soil without biocide. A substantial decline 
in metolachlor concentration occurred between 35 and 60 days of storage in the irradiated wetland 
soil, leading to a higher overall decay rate. Without this last residue value the decay of metolachlor 
in the irradiated wetland soil is about 50% greater than the decay in the irradiated field soil. As with 
atrazine, the decay of metolachlor in the nonirradiated wetland soil with biocide was similar to that of 
the soil without biocide. This behavior is in contrast to the decay of metolachlor in the field soil 
where the nonirradiated soil with biocide behaved almost identically to the irradiated soil with a slow 
decay rate. The decay rate of metolachlor in the nonirradiated wetland soil (0.0198 day"') is more 
than double the rate of decay in the nonirradiated field soil (0.0084 day' ). Decay of metolachlor in 
all three treatments of wetland soil exhibits a biphasic nature. The decay in the first ten day time 
period in the irradiated wetland soil (0.0274 day') is one-fourth greater than the decay rate of 
metolachlor in the field soil (0.0217 day') in this same time period. 
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Figure 40. Extractable Metolachlor in Wetland Soil with and without Irradiation and Biocide 
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Rates of decay of metolachlor in the wetland soil without biocide were comparable to those in the 
field soil without biocide. In the 0 to 10 day time period, extractable metolachlor decayed at a 0.0528 
day' rate in the wetland soil and at a decay rate of0.0539 day' in the field soil without biocide. 
After this time period, the dissipation of metolachlor slowed to 0.0197 day' in the wetland soil 
without biocide and to 0.0237 day' in the field soil. 
Figure 41 illustrates the bound residues of metolachlor as a function of storage time in the 
three treatments of the wetland soil. Maximum concentrations of bound metolachlor in the wetland 
soils (46-52 ng/g) were nearly identical to the maximum concentrations in the three treatments of 
field soil (44-51 ng/g). However, the field soil contained a background level of about 15 ng/g of 
metolachlor in a bound state. Thus, bound metolachlor concentrations in the wetland soil in all three 
treatments are substantially greater than in the field soil from the dose of applied metolachlor. The 
higher concentration of metolachlor in a bound state in the wetland soils is reflected by the higher 
dissipation rates of extractable metolachlor from the wetland soils. The average metolachlor decay 
rate in the wetland soils is about one-third faster than the average decay of metolachlor in the field 
soil, and in the soils treated with a biocide the rate of metolachlor decay is tw ice as fast in the wetland 
soil compared to the field soil. As in the field soil, the concentration of bound metolachlor increased 
with time after the initial buildup of residues in the first five days of metolachlor-soil contact. 
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Figure 41. Bound Metolachlor in Wetland Soil with and without Irradiation and Biocide 
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Alachlor in the wetland soil behaved similarly to metolachlor, as dissipation of extractable 
alachlor residues was substantially faster in the wetland soil. Also, the dissipation of alachlor in the 
nonirradiated soil with biocide closely matched the disappearance pattern of alachlor from the 
wetland soil without biocide. a pattern also exhibited by atrazine and metolachlor in the wetland soil. 
Thus, the decay rate of alachlor in the irradiated wetland soil was 0.0187 day' in the wetland soil, 
compared to a rate of 0.0103 day ' in the irradiated field soil. In the wetland soil without biocide. 
the decay rate was 0.0547 day' compared to a rate of 0.0417 day' in the field soil without biocide. 
In all three soil treatments, the decay of alachlor in the wetland soil exhibited biphasic decay behavior 
similar to that of atrazine and metolachlor in the same soil. The first-order decay rate of alachlor in 
the irradiated wetland soil during the initial 10 day time period was 0.0364 day' and decreased to a 
decay rate of 0.0128 day' thereafter with high correlation coefficients (r: > 0.99). The decay rate of 
alachlor in the irradiated soil in the initial 10 day time period is one-third greater than metolachlor in 
this same soil in the same time period, and is also one-fifth greater than the decay of alachlor in the 
irradiated field soil. The concentration of bound residues of alachlor in the wetland soils increased to 
a level of about 20 ng/g in the wetland soil after 5 days of storage and leveled off at 20-25 ng/g after 
this time period in the three treatments of wetland soil. These concentrations are substantially less 
than the levels of bound alachlor in the field soil. However, a substantial amount of bound alachlor is 
present in the field soil as background residues that contribute about 18 ng/g to the bound alachlor 
concentration. After subtraction of the background alachlor from the field soil samples, the 
concentration of bound alachlor is about one-third greater in the wetland soil samples. 
Concentrations of extractable cyanazine decreased substantially in the first 5 days of storage 
in all three treatments of the wetland soil. Thus, extractable concentrations of cyanazine dropped 
from 45 ng/g in the zero time samples to 25 ng/g in the samples stored for five days. The large 
decrease in concentration in the first 5 days of storage made exponential fits to the concentration data 
exhibit poorer data fits (r2 < 0.80) than observed with atrazine. alachlor. and metolachlor. The decay 
of cyanazine in all three treatments of the wetland soil was biphasic. The decay rate in the first 10 
days of storage for the irradiated wetland soil was 0.0543 day' and 0.0939 day' in the wetland soil 
without biocide. These decay rates of cyanazine are considerably greater than atrazine. which 
decayed at rates of 0.0334 day' and 0.0665 day', respectively, in the irradiated wetland soil and the 
wetland soil without biocide. The decay of cyanazine in the irradiated wetland soil in the initial 10 
days is about 60% greater than the decay rate in the irradiated field soil in this same time period. 
155 
•—Metolachlor 
4 Alachlor 
•-Atrazine 
••—Cyanazine 
i^—Chlorpyrifos 
^^Tnfluralin 
0 10 20 30 40 50 SO 
Time, Days 
Figure 42. Extractable Pesticides in Wetland Soil with Irradiation and Biocide 
i^ —Metolachlor 
4 Alachlor 
Atrazine 
••—Cyanazine 
^-Chlorpyrifos 
^^Trifluralin 
15 20 
Time, Days 
Figure 43. Bound Pesticides in Wetland Soil with Irradiation and Biocide 
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Bound residues of cyanazine increase in concentration from 25 ng/g in the zero time samples to 37 
ng/g after 5 to 10 days of storage in the wetland soils. In this same time period in the field soil 
samples the concentration of bound cyanazine was in the 25-30 ng/g range. 
Figure 42 illustrates the change in time of extractable pesticide residues in irradiated wetland 
soil. The biphasic nature of the decline in extractable residues is evident, and the decline in atrazine 
and cyanazine in the first 10 day storage period is more pronounced in the wetland soil than in the 
field soil. The transition in decay rates at 10 days of storage is evident in the extractable residues of 
metolachlor, alachlor, atrazine, and cyanazine. The decline in extractable residues of metolachlor. 
alachlor. atrazine, and cyanazine is also greater after the 10 day storage period in the wetland soil 
than in the field soil. As in the field soil samples, extractable residues of chlorpyrifos and trifluralin 
assumed a low and steady concentration in the wetland soils at all sampling periods. 
Figure 43 illustrates the changes in bound pesticides with time in the irradiated wetland soil. 
The concentration of most of the bound residues peaked at either 5 or 10 days of storage time. The 
liquid herbicides, alachlor and metolachlor. continued to increase in concentration after the first 5 
days of storage and reached peak concentrations after 35 days, while the solid pesticides, atrazine. 
cyanazine. and chlorpyrifos reached near maximum concentrations of bound residues after only 5 
days of soil contact. Bound residues of alachlor. atrazine. cyanazine and metolachlor declined 
slightly with time after reaching maximum concentrations, while the decline in bound residues of 
trifluralin and chlorpyrifos declined more steeply with time. Bound residues of the pesticides were 
more difficult to extract from the wetland soil than the field soil with the hot methanol extraction. A 
second hot methanol extraction of both wetland and field soils recovered additional pesticides, 
especially in the wetland soil samples. In five wetland soils stored for either 10 or 20 days, the 
recovery of the six pesticides was in the 75-80% range with one extraction, while in five field soils 
the recovery was nearly quantitative at 90-95%. Thus, the data in Figure 42 underestimates bound 
pesticide residues by about 15% compared to the field soil samples, at least in the 10 to 20 day time 
period. The amount of bound pesticides as a fraction of the initial dose is significant. At 20 days of 
storage, nearly half of the added atrazine, metolachlor. and chlorpyrifos were in the form of bound 
pesticides in the irradiated wetland soil, while 71% of the cyanazine was present as bound cyanazine. 
Mass balance of trifluralin and chlorpyrifos revealed only 50 and 60% of the initially added quantities 
of these two hydrophobic pesticides were extracted in the sequential extraction procedure. In the 
field soil, mass balance showed that over 80% of trifluralin and chlorpyrifos residues were extracted 
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in the three-step sequential extraction procedure. Thus, bound residues of these two pesticides may 
be formed in the wetland soil that are not extractable by the hot methanol procedure, and the data in 
Figure 42 further underestimates the amount of trifluralin and chlorpyrifos in a bound state. 
Figure 44 illustrates changes in total pesticide residues with time in the irradiated wetland 
soil. In contrast to the behavior in field soil, the total residues of alachlor and metolachlor decline 
with time rather than remain at a steady concentration. This could be due to an increase in resistance 
to extraction of bound pesticides with time as these herbicides become more fixed in micropores or 
these herbicides displace cyanazine and atrazine from micropores with the highest energy 
characteristics and become more resistant to extraction. Microbiological degradation of metolachlor 
and alachlor from microbes that survived the irradiation treatment does not seem likely as no growth 
or odor was apparent on the irradiated soils. In addition, the smell of n-propanol was readily apparent 
in the irradiated samples even after 60 days of storage, and this odor disappeared in other samples 
with mold growth. The decay rate of total residues of atrazine and cyanazine is slower in the wetland 
soil than in the field soil by almost a factor of two. This may reflect less available water for 
conversion to hvdroxv metabolites in the wetland soil. 
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Figure 44. Total Pesticides in Wetland Soil with Irradiation and Biocide 
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Summary of Results for Irradiated Soil Series 
Dissipation of trifluralin, atrazine, alachlor, metolachlor, chlorpyrifos. and cyanazine from 
the extractable fraction of soils was slowest in irradiated soil, followed by nonirradiated soil with a 
biocide, and fastest in nonirradiated soil without a biocide. The dissipation of atrazine in soils 
displayed a biphasic pattern with first-order rate kinetics and proceeded at a rate only 30% faster in 
soil without a biocide as in irradiated soil containing a biocide. The dissipation of alachlor. 
cyanazine, and metolachlor was as much as 6-fold faster in soils without a biocide compared to 
irradiated soils that contained a biocide. The dissipation of alachlor and metolachlor from the 
extractable fraction of irradiated soil was much slower than the rate of dissipation of atrazine and 
cyanazine from the same soil. The amount of hydrophobic pesticides, trifluralin and chlorpyrifos. in 
the extractable fraction assumed a low and steady concentration throughout the storage period as 
these pesticides rapidly and overwhelmingly formed bound pesticide residues. Biphasic dissipation 
of all six pesticides from the extractable fraction of pesticide-dosed soils was evident during the 
storage period. Bound pesticides in irradiated field soil peaked after 2 days of storage and then 
decreased slightly in concentration with storage time for pesticides other than alachlor and 
metolachlor. The concentration of bound forms of these liquid herbicides increased with time after 
the initial rapid increase in concentrations in the first 2 days of storage. Total pesticide residues 
exhibited only slight declines with storage time in the irradiated field soil as only the triazine 
herbicides exhibited modest declines in total pesticide residues with time due to abiotic degradation. 
The dissipation of extractable atrazine residues was only slightly faster in irradiated wetland soil as 
compared to irradiated field soil, while the dissipation in wetland soil without a biocide was 
significantly faster than in the field soil without biocide. Atrazine dissipation from nonirradiated 
wetland soil with a biocide was closer to the dissipation rate in the soil without biocide than to the 
rate in the irradiated wetland soil with biocide. This same pattern occurred with alachlor and 
metolachlor as the dissipation of extractable residues in the nonirradiated wetland soil with biocide 
was closer to the dissipation rat of the soil without biocide than to the irradiated wetland soil with 
biocide. The opposite behavior was exhibited in field soil, as the dissipation in nonirradiated field 
soil with biocide was similar to the irradiated soil with biocide. Maximum bound pesticide residues 
were formed in the first 5 days of storage in the wetland soil, except for the liquid herbicides, alachlor 
and metolachlor, where increases in bound concentration occurred with time after a temporary 
peak after 5 days of storage. Bound pesticide residue concentrations were higher in the wetland soil 
than in field soil due to the higher organic matter content. 
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Wetland Microcosms 
The dissipation of pesticides from the water column above wetland microcosms was followed 
with time. The microcosms consisted of wetland soil along with cattail litter that formed the water-
microcosm interface. The dissipation of pesticides from the water column in microcosms during a 2 
day time period is shown in Figure 45. The dissipation of pesticides from the water column and 
uptake into the microcosms exhibit biphasic dissipation and uptake with a transition in uptake 
behavior at about 10 h. The biphasic nature of the dissipation curves reflects two mechanisms of 
uptake of pesticides by the wetland microcosm. The initial fast uptake is postulated to be dominated 
by uptake into strongly sorbing "sites' or micropores, while the flatter portion of the sorption curve 
after 10 h time is dominated by a partition mechanism into amorphous organic matter. The rates of 
dissipation from the water column follow the order of chlorpyrifos. cyanazine. alachlor. metolachlor. 
atrazine, and cyanazine. For the first 10 h time period, first-order decay rates were; chlorpyrifos. 
0.2088 day'1, trifluralin, 0.1899 day'1, alachlor. 0.0813 day'1, metolachlor. 0.0454 day'1, and atrazine 
at 0.0.0405 day"1. The first-order curve fits with the data were highly correlated (r^ > 0.92). After 
the 10 h time period, dissipation from the water column slowed considerably and again exhibited 
first-order decay. 
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Figure 45. Dissipation of Pesticides from the Water Column of Wetland Microcosms 
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Dissipation of the pesticides generally dropped by 4- to 5-fold after the first 10 h of dosing of the 
water column. Thus trifluralin dissipation decreased from 0.1899 day"1 in the first 10 h to 0.0.0451 
day"1 after the 10 h time period, while metolachlor dropped from 0.0454 day'1 to 0.0091 day"1, and 
atrazine fell from 0.0.0405 day'1 to 0.0.0085 day"1. All of the first-order decay rates after the 10 h 
time period were highly correlated (r% > 0.99). The microcosms incubated for 5. 10. and 20 days 
exhibited similar biphasic decay behavior, however, the shift to slower decay rates took place at 
about 20 h in the microcosms stored for 10 and 20 days as these microcosms had significantly deeper 
water columns than the microcosms stored for 2 and 5 days. 
The soil and litter of the microcosms was extracted sequentially after removal of the liquid, 
following termination of the dissipation study. Mass balance of the pesticides in the water, litter, and 
soil revealed that trifluralin was either rapidly metabolized and/or strongly sorbed into the litter/soil. 
Only 0.15%, on average, of the trifluralin added to the microcosms and not assayed in the water 
dissipation samples was extractable from the microcosm litter and soil. Similarly, alachlor was not 
recoverable from the microcosms, as it either was rapidly metabolized or strongly sorbed into the 
litter/sediment/soil, with an average recovery of 4.0% from the three microcosms that were sacrificed 
after two days of incubation of the pesticides in the water column with the wetland core. Only 6.2% 
of the chlorpyrifos remaining in the microcosms after removal of the dissipation samples and the 
overlying liquid was recoverable from the litter/sediment soil. The majority of extractable 
chlorpyrifos was extracted from the litter fraction. By contrast most of the metolachlor. atrazine. and 
cyanazine added to the microcosms incubated for 2 days was accounted for after extraction of the 
litter/sediment/soil fractions. About one-sixth and one-quarter of the initially added metolachlor and 
atrazine, respectively, was unaccounted for after extraction of the litter and soil fractions. Significant 
amounts of metolachlor and atrazine were extracted from the soil sections of the microcosms, while 
the amounts of these herbicides in the litter were mostly minor, except for a significant amount of 
metolachlor in the litter of one microcosm. About one-third of the cyanazine could not be accounted 
for after extraction of the soil and litter fractions of the three microcosms stored for 2 days. The mass 
balance of cyanazine was complicated by the finding of significant quantities of cyanazine in the 
bottom soil layer, while upper soil layers contained very little cyanazine. The cyanazine found in the 
bottom soil layer was attributed to an interference extracted from the wetland soil by the hot methanol 
procedure. The other soil sections mostly consisted of sediment/fine litter while the bottom layer 
consisted of dark wetland soil. This difference in composition of the soil sections was believed to 
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account for the extraction of an artifact from the bottom soil section, while this artifact was not 
present in the upper soil sections. 
The majority of the atrazine and metolachlor extractable from the soil layers of the 
microcosms incubated for 2 days was recovered in the hot methanol extraction. Two-thirds of the 
atrazine extracted from the upper soil layer was recovered in the hot methanol extract, while one-
quarter of the total was removed by the toluene extraction of the soil. The remainder (~ 10%) was 
extracted with 0.01 M calcium chloride. In the bottom soil layer, over 85% of the recoverable 
atrazine was extracted by the conditions employed in the hot methanol procedure, while almost all of 
the remaining atrazine was recovered by extraction with toluene. In the 2 day microcosms, 
metolachlor was more resistant to extraction by toluene in the upper soil layer than the bottom soil 
layer. Thus, three-fourths of the metolachlor extracted from the topsoil layer was recovered by the 
hot methanol extraction, while in the bottom soil layer 60% of the metolachlor was extracted in the 
hot methanol procedure. In microcosms incubated for longer time periods, metolachlor behaved 
more like atrazine with about two-thirds of the metolachlor being extracted with hot methanol from 
the top soil layer, while in the bottom soil layer about for-fifths of the extractable metolachlor was 
recovered by the conditions of the hot methanol procedure. These data indicate that pesticides 
rapidly form bound residues in wetland microcosms as the hot methanol procedure is necessary to 
remove the bulk of herbicides like atrazine and metolachlor from wetland sediment/soil after only 2 
days of contact with a pesticide containing water column. In addition, significant quantities of these 
two herbicides were unaccounted for in the mass balance calculations for the microcosms, and may 
be sorbed so strongly that they are unextracted by the conditions employed. This conclusion is 
supported by the inability to account for almost all of the trifluralin. chlorpyrifos. and alachlor that 
were added to the microcosms. These pesticides, especially the hydrophobic trifluralin and 
chlorpyrifos, are probably strongly bound or sorbed into the most active 'sites'/micropores of the 
wetland sediment/soil, and thus become unextractable. The dissipation rates of trifluralin and 
chlorpyrifos from the water column are considerably higher than the other pesticides suggesting 
strong interactions with the wetland sediment/soil. Also, mass balance from the irradiated wetland 
soil revealed that only 50 to 60% of the trifluralin and chlorpyrifos. respectively, was accounted for 
in samples stored for between 10 and 20 days after spiking in the irradiated soil series. Mass balance 
of these pesticides in the microcosms suggests that pesticides, especially trifluralin and chlorpyrifos. 
are more strongly sorbed to wetland sediment/soil in intact microcosms than to wetland soil that does 
not contain organic material and litter from cattails. 
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Extractable and Bound Fraction Isotherms 
Pesticides were dosed into field soil at seven different concentrations and isotherms of the 
extractable and bound fractions were determined from the amounts of pesticides extracted into the 
toluene and hot methanol extracts, respectively. The isotherms were determined without any storage 
of the pesticide spiked soil and represent I h isotherms. Figure 46 illustrates the isotherms of the 
extractable and bound fractions of atrazine in field soil over a 300-fold concentration range. The 
trendlines fitted to the concentration data are highly correlated with r = 0.99, and the isotherm of the 
bound fraction is more nonlinear with a Freundlich exponent of 0.689. 
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Figure 46. Extractable and Bound Fraction Isotherms of Atrazine 
Obviously from the graphs the capacity of the soil to form bound fractions is much less than the 
amount of pesticides that are partitioned into the soil in extractable form. Figure 47 illustrates the 
isotherms for metolachlor, and the bound fraction isotherm is significantly more nonlinear than that 
of atrazine with a Freundlich exponent of0.532. As with atrazine. the isotherm of the extractable 
fraction of metolachlor is fairly linear with an exponent of 0.93. 
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Figure 48. Extractable and Bound Fraction Isotherms of Alachlor 
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Figure 48 illustrates the isotherms of the extractable and bound fractions of alachlor in the field soil at 
zero storage time. The Freundlich exponent of the bound fraction isotherm is very nonlinear with a 
value of 0.592. The isotherms of alachlor, metolachlor, and atrazine required adjustment of the 
pesticide residue amounts in the extractable and bound fractions to account for background amounts 
of these herbicides in the field soil. Background concentrations of atrazine. alachlor. and metolachlor 
in the field soil were 11.3, 18.8, and 10.0 ng/g, respectively. Figure 49 illustrates the extractable and 
bound isotherms of chlorpyrifos in the field soil. The position of the isotherms is reversed compared 
to the other pesticides as the field soil is exhibiting more capacity to sorb chlorpyrifos into a bound 
state than is fractionated into an extractable form. Although the isotherms were determined using 
toluene as the extradant, complete recovery of chlorpyrifos from the extractable fraction may not 
have happened and consequent carryover to the hot methanol extraction may have occurred. This 
may explain a portion of the high amount of chlorpyrifos in the bound fraction and the high 
magnitude of the Freundlich exponent at 0.88. 
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Short-term Formation of Bound Pesticides 
The measurement of significant quantities of bound pesticides in zero-time field and wetland 
samples prompted the exploration of the time dependent formation of bound pesticide residues. The 
spiking and extraction procedure of zero time samples resulted in more than an hour between spiking 
and extraction with toluene to remove the bulk of the extractable pesticides. The short-term 
formation of bound pesticides was examined by restricting the time of the aqueous extraction with 
0.01 M calcium chloride to time intervals upward to 20 min. 
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Figure 50. Short-term Formation of Bound Pesticide Residues 
The short-term formation of bound pesticides is shown in Figure 50. Most of the pesticides show 
some increase in the bound fraction over time but the majority of the bound pesticides can be said to 
be formed instantaneously. Only metolachlor showed a sizeable increase from 17 to 29 ng/g during 
the 0 to 20 min time interval. 
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Model of Pesticide Fate in Field and Wetland Soils 
The main objective of the present research was to quantitate bound pesticides in soil and 
examine the formation of bound forms of pesticides as influenced by time. An assumption at the 
beginning of the research gleaned from the literature was that extended time periods would be 
necessary to observe the formation of bound pesticide residues as their formation is thought to be a 
rate-limited process. Therefore, experiments were conducted on a time scale of up to three months to 
ascertain both the degradation of pesticides in soil, and observe the slow formation of bound pesticide 
residues. Increasing concentrations of bound pesticides with time were not detected in field soil 
samples incubated over a three month time period in the first set of experiments. Background 
concentrations of three chloroacetanilides, namely, acetochlor, alachlor. metolachlor. and a triazine 
herbicide, atrazine, were detected in the field soil. The detection of background concentrations of 
herbicides in the field soil provided an opportunity to fine tune the middle extraction step with 
toluene of the sequential extraction procedure so that minimal quantities of bound herbicides were 
removed prior to the hot methanol extraction. Thus, the polarity of the organic solvent was decreased 
by the addition of hexane. which gave a more precise measurement of the amount of pesticides in 
bound forms, while still giving a quantitative extraction of extractable forms of pesticides. 
Repetition of the initial storage experiments, in the field soil with the less polar organic extradant, did 
not yield significantly higher concentrations of bound herbicides than the original soil incubations 
after adjustment of the residue results to the amount of pesticides initially added to the samples in the 
four comp and moisture soil series. In addition, the trend in concentrations of bound pesticides with 
longer storage time was steady to a slight decline, even as extractable forms of pesticides continued 
to dissipate in a first-order fashion towards only a fraction of the initially added amount. Thus, any 
rate-limited mechanism was failing to produce increased quantities of bound pesticides after months 
of soil incubation and the stock of available pesticides in the soil was continually declining to smaller 
and smaller amounts. Biodégradation of the pesticides added to soil was a concern as many 
incubated soil samples developed mold colonies after one to two months of storage, even in the 
presence of a biocide. The mold growth was problematic as its effect on bound pesticide formation 
was unknown, and certainly contributed to a dwindling pool of pesticides in the soils stored for 
longer time periods. Irradiation of the soils eliminated concerns about biodégradation of pesticides, 
and allowed more focus on the formation of bound pesticides in both field and wetland soils. Rather 
than a slow buildup of bound pesticides with increasing storage time, it was observed that the vast 
majority of bound pesticides were formed within the first five days of pesticide soil contact with 
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substantial bound pesticides even in time zero soil samples. In addition, attempts to measure the time 
formation of bound pesticides on a time scale of minutes only confirmed the instantaneous formation 
of substantial amounts of bound pesticides in field soil. Thus, from an assumption of a slow, rate-
limited process at the beginning of this study, the measurement of bound pesticide formation instead 
revealed a process that was in some part instantaneous, and in most cases was complete within the 
time frame of a few days in both field and wetland soils. 
Research over the last decade has led to a tentative conclusion of the occurrence of a process 
of slow sorption of pesticides and other organics to soils and sediments, and this conclusion is 
noticeable in the titles of articles in the literature. Thus, Pignatello and Xing (1996) titled a critical 
review as "Mechanisms of Slow Sorption of Organic Chemicals to Natural Particles". These authors 
cite numerous studies that conclude that soil/sediment-HOC systems are not at equilibrium after short 
periods (I d) of contact. An increase in the apparent distribution coefficient with long storage periods 
between soil/sediment and simple organic and pesticide contaminants is cited as evidence for a slow 
sorption mechanism. These authors mention several times in their critical review and elsewhere that 
equilibrium between HOC's and soils/sediments may require time periods of weeks to months or 
even longer. The conclusion of a slow sorption process in soils can only be tentative based on the 
cited research as several factors could dismantle such a conclusion. First, biodégradation of solutes 
during extended time periods needs to be completely eliminated. The long term ( 180-300 d) 
experiments cited in this review used a biocide to control biodégradation and at the same time usually 
only measured solute concentrations in the aqueous solution phase. Lower solution phase solute 
concentrations with time have been interpreted as an increase in the apparent distribution coefficient, 
but this conclusion is dependent on the biocide being completely effective, over long time periods, as 
solid phase solute concentrations were either not measured or. in some instances, measured but not 
reported or discussed. Karapanagioti et al. (2000) noted that some samples in long-term sorption 
experiments showed degradative losses of phenanthrene even in the presence of 200 mg/L of sodium 
azide. At best, this biocide afforded a 15-30 day lag period during which no degradation occurred. 
Some samples exhibited recoveries of 26-76% due to degradative losses. Most researchers have used 
sodium azide in experiments to determine distribution coefficients or isotherms. Isotherm and 
distribution coefficient experiments are also conducted on a small scale and losses of solute through 
evaporation or sorption to vessel materials over months of storage also need to be eliminated as 
usually only the solution phase solute concentration is measured. As an example. Xing and 
Pignatello (1996) used 8-mL screw cap vials with teflon-lined septa for determination of isotherms of 
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1,3-dichlorobenzene in soil and peat. Although controls without soil were used to correct the data, it 
is necessary to insure that evaporative losses and sorption into the teflon-silicone septa do not skew 
the results of experiments running for 6 mon or longer. In these experiments, the aqueous solution is 
many fold greater in quantity than the amount of added soil or sediment, and biocontrol may be 
mostly effective. By contrast, the incubation of moist soils with pesticides, as in the present study, 
reverses the water-soil ratio, and makes control of microorganisms in long-term studies problematic. 
In the present research, many soil samples developed mold growth after about three weeks of storage. 
The wetland soils were the most susceptible to mold growth and those containing a biocide 
demonstrated more growth than those soils without a biocide. Another factor that has contributed to 
the conclusion of a slow sorption process in soils is assumption of matrix transfer. Conclusions about 
sorption processes reached in experiments with river, lake, and delta sediments and aquifer sands 
have been assumed also to apply to field soils. Recent research has shown that sorption of HOC's to 
river, lake, and delta sediments can be dominated by sorption to particles of charcoal, coal, and soot 
contained in these sediments. In these cases, sorption uptake can indeed be slow because of the 
chemical characteristics and coarse size of such particles. Processes of slow sorption in aquifer sands 
may be dominated by slow diffusion kinetics into intraparticle pores of sand and gravel materials that 
are dependent on the large particle sizes of these materials. Also, despite its relative absence in 
aquifer materials the organic matter in these deposits, can consist of coarse particles of charcoal-like 
material that contributes to slow sorption in these sands and gravels. Most of the experiments 
comparing sorption in the short-term to longer time periods have not investigated intermediate term 
time scales. 
Xing and Pignatello (1996) determined the isotherms of metolachlor. 1.3-dichlorobenzene. 
and 2.4-dichlorophenol in soils for time scales of 1.30. and 180 days. Significant changes were 
observed in isotherms for the 30 day time period compared to 1 day of storage with little change from 
30 to 180 days. No data were obtained between the I and 30 day time periods, when the majority of 
the changes in the isotherms and distribution coefficients occurred. Most other experiments have 
followed a similar protocol with the time period between measurements being months. Weber and 
Huang (1996) investigated sorption of phenanthrene on EPA sediments and soils on time scales of 
minutes, hours, and days. The greatest changes in isotherm characteristics and distribution 
coefficients occurred over short time periods of less than I day with the largest change occurring 
between 1 min and 1 h. Their investigations ceased after 14 days, as apparent equilibrium had been 
reached between the solution phase and the sediments and soil. Plots of the Freundlich exponent, n. 
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as a function of time showed rapid decreases in this exponent in the early time periods followed by 
stabilization after about 1 day. They conclude that the constant value of n after I day means that 
solute molecules have accessed all energetically different sorbent domains within the soil or 
sediment. The distribution coefficient in these experiments did not stabilize until at least the 14 day 
time period and the time of stabilization was dependent on the phenanthrene concentration in the 
solution phase. At phenanthrene concentrations of 5 ug/L, two sediments and a soil required 90 days 
of storage before equilibrium was reached. At a 100-fold higher concentration of 500 ug/L all three 
sorbents reached equilibrium at 14 days or sooner. 
In the present study, total aqueous phase concentrations of pesticides were in the 30-50 ug/L 
range in the 0.01 M calcium chloride extracts and approximately 6-fold larger than this range in the 
incubated soils during the first weeks of storage. Another factor contributing to the conclusion of 
slow sorptive uptake is a transfer of processes from the desorption phase to the uptake phase. 
Because slow desorption of pesticides and HOC's has been observed in release of contaminants from 
soils, sediments, and sands there has almost been an assumption that the process leading to slow 
desorption is slow sorption. 
Kinetic models of sorption have incorporated a slow component into the uptake phase to 
account for slow uptake and release as in equation 17. 
Kd k: 
C < »S, 4 »S, (17) 
fast slow 
where C = solute concentration in the aqueous phase, ug/ml 
S,= solute concentration in the fast compartment, ug/g 
S2= solute concentration in the slow compartment, ug/g 
Kd= distribution coefficient mL/g 
kn= reverse Sr»S, first-order rate constant dav'1 
Isotherm models of HOC interaction with soils and sediments have incorporated Langmuir 
type terms into the linear partition model to account for nonlinear behavior. This type of expression 
has been developed most notably by Weber in his distributed reactivity model and is expressed as 
follows: 
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q, = K4LCe + QabC</(l+bCe) (18) 
where qe = solute concentration in the soil, ug/g 
K^l = linear distribution coefficient, mL/g 
Ce = solute concentration in the aqueous phase, ug/mL 
Qa = saturation limit concentration of the solute in the soil, ug/g 
b = affinity coefficient between the solute and soil 
A two-compartment conceptualization is common to both the kinetic and isotherm model. In 
the kinetic model, two soil compartments are envisioned with one giving rise to a fast fraction and the 
second compartment responsible for the slow fraction. Because there are two compartments, likewise 
there are two mechanisms associated with the interaction of pesticides and other organics with soils 
and sediments, one mechanism for the fast fraction and a second mechanism for the slow fraction. 
Partition to soil organic matter is the responsible mechanism for the fast, linear fraction. The nature 
of the mechanism of the slow fraction has been conceived of as either hindered intraparticle diffusion 
or intraorganic matter diffusion. In the isotherm model, two different isotherms are envisioned that 
account for the overall isotherm exhibited by organic compounds and pesticides in contact with soils 
and sediments. Thus, a linear distribution coefficient and a Langmuir nonlinear term are used to 
describe the amount of sorbed solute in the soil or sediment as a function of solution phase solute 
concentration. 
Hindered intraparticle diffusion within pores of soil particles has been postulated as a 
mechanism for the slow desorption and sorption of chlorinated hydrocarbons. PCB's. PAH's and 
pesticides. Ahn et al. (1999) notes that this model has been unable to explain the extensive tailing of 
some breakthrough curves of HOC's from soil columns. In this model, desorption rates are 
dependent on the diffusion coefficients which are correlated with the diffusion length scale which is 
the particle radius. However, the absence of a dependence of desorption rates on particle size, as well 
as inconsistencies, have been found in numerous studies. Steinberg et al. ( 1987) found rates of 
release of EDB from two soils to be only weakly dependent on particle size yet pulverization greatly 
increased the desorption rate. The long term desorption of EDB from soils could not be modeled 
with the intraparticle diffusion model without invoking enormous tortuosity or constriction in soil 
pores. Ball and Roberts (1991) found that pulverization increased sorption to their sorbent particles, 
but the increase was less than expected based on pore diffusion parameters derived from the 
unpulverized material. Pignatello et al. ( 1993) observed that the extent of desorption of "aged" 
atrazine and metolachlor from soils was independent of particle size across the spectrum from clay to 
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sand materials. Carroll et al. ( 1994) describe desorption of PCB's from Hudson River and found that 
rates are independent of particle size and pulverization. Farrell and Reinhard (1994) could not model 
the fraction of slow desorbing TCE from model silicas, soils, and sediments with a pore diffusion 
model. The slowly desorbing fraction was found not to be correlated with particle size, porosity, 
pore size, or organic matter content. Pedit and Miller ( 1995) investigated four intraparticle pore 
diffusion models for describing the desorption of a phenylurea herbicide, diuron. from an aquifer 
sand material. Models that utilized a single particle size, either with or without an instantaneous 
fraction, were found to be inadequate. Sensitivity analysis revealed the shortcomings of the single 
particle size model that included an instantaneous fraction, as well as a similar intraparticle diffusion 
model used by Ball and Roberts (1991). The best models showed that variations in equilibrium 
capacity constant (Q%) were more important than particle size in fitting the experimental data. The 
relative unimportance of particle size in the best models make the intraparticle diffusion model a less 
likely explanation of desorption behavior as diffusion coefficients are directly correlated to particle 
size. 
Brusseau et al. ( 1991) designed and carried out experiments to differentiate between the two 
competing models of intraparticle diffusion and intraorganic matter diffusion as the source of the 
slow fraction and the rate-limiting processes. Solutions of various aromatic HOC's were eluted 
through soil columns and breakthrough curves (BTC) were established. The data from the BTC's 
were analyzed with a first-order bicontinium model as shown in equation 9. and the focus of their 
study was on the relationship of the parameters K, and k,. the reverse rate constant from the slow 
fraction, S2. A base relationship among these parameters was established with benzene, naphthalene, 
and anthracene. Compounds with methyl substitutions to the benzene molecule such as toluene, p-
xylene. o-xylene, and trimethylbenzene were coincident with the line established from the base 
relationship of the unsubstituted molecules. Ethylbenzene also lay along the line established by the 
base relationship. Deviations from the base relationship were encountered with /z-propylbenzene. n-
butylbenzene, and especially n-hexyibenzene. The normal intraparticle diffusion model without 
hindrance is unable to explain these deviations. Hindered intraparticle diffusion is unable to explain 
the deviations of zz-propylbenzene and zi-butylbenzene from the base relationship. Hindrance is 
dependent on the bulkiness of the sorbing molecule and yet these substituted benzenes display lower 
reverse rate constants, k:, than those of the bulkier molecules, such as naphthalene and anthracene. 
The behavior of w-hexylbenzene is also deviant from that of the other n-aiklyl substituted benzenes. 
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as its rate constant is nearly identical to that of n-butylbenzene, and difficult to explain using a 
hindered intraparticle diffusion model. Miscible displacement of 45Ca through soil columns 
significantly differed from that of the aromatic hydrocarbons. Hindered intraparticle diffusion of 45Ca 
through small pores coated with organic matter would be expected to yield a rate constant, k2. 
approximately 3-fold larger than naphthalene based on diffusion coefficients in water. However, the 
rate constant of45Ca is almost 100-fold greater, indicating that hindered intraparticle diffusion is not 
the common rate-limiting step controlling 45Ca and HOC's interactions in soil. The interaction of 
calcium with organic matter is dominated by ion exchange with surface carboxyl groups, and the 
rate-limiting step is film diffusion. The mechanism of interaction of HOC's with organic matter must 
be over significantly longer path lengths and/or involve more energetic interactions. 
Intraorganic matter diffusion is better able to explain the deviant behavior of the n-
alkylbenzenes as well as the large difference in behavior between HOC's and 45Ca. As the alkyl 
chain length approaches and exceeds a critical size the molecule has an opportunity to become 
entangled with the polymer "mesh" through which it is diffusing, which results in a lower than 
expected reverse rate constant. The rate constant of zi-hexylbenzene is nearly identical to that of 
n-butylbenzene, despite quite different distribution coefficients, K,. because a critical length has been 
exceeded for diffusion through the polymer pore network, and additional chain length adds little to 
restraints on diffusion. All HOC's exhibit markedly lower reverse rate constants as they interact with 
and diffuse through the internal pore network of soil organic matter, while 45Ca interacts at the 
surface of humic acids. The most frequent intraorganic diffusion model is described as the 
"rubbery/glassy" polymer model. In this model HOC's partition in a linear fashion to the rubbery, 
amorphous, hydrated, and swollen regions of the humic polymer structure. These regions of the 
polymer structure are dominated by carbohydrate type subunits and display high O/C atomic ratios. 
Internal regions of the polymer contain glassy or condensed organic matter where diffusion becomes 
a rate-limiting step and interactions in this region give rise to nonlinear isotherms, competitive 
effects, high sorption capacities, and slow sorption and desorption. The condensed organic matter is 
dominated by aromatic and aliphatic structures with a low O/C atomic ratio. Weber and his 
colleagues have developed a model which known as a distributed reactivity model. They have 
developed correlations between O/C ratios and aromatic content of various types of soil organic 
matter and isotherm nonlineartity, organic carbon normalized capacity factors (K^J, and sorption-
desorption hysteresis. Through the use of kerogen bearing shales and modification of humic acids 
173 
through oxidation, base extraction, and subcritical water treatment they have established the existence 
of regions of condensed organic matter in humic acids that are rich in aromatic nuclei with low O/C 
ratios that are the source of isotherm nonlinearity, high capacity factors, and slow sorption-desorption 
kinetics. They have demonstrated the existence of glass transition temperatures in humic acids. 
which are characteristic of condensed organic matter. The regions of humic acid dominated by 
hydrophobic aromatic and aliphatic carbon types are unlikely to swell under aqueous conditions and 
interactions with solutes would be dominated by van der Waals forces. They have postulated that the 
condensed polymer regions would also be a source of micropores of well-defined geometries, where 
hydrophobic solutes could sorb into rigid pores in a capacity-limited Langmuir-type sorption or 
"hole-filling" process. Different pore sizes and pore surfaces in condensed organic matter would 
give rise to a heterogeneous mix of sorption-site energies that would result in nonlinear isotherm 
behavior, especially at low solute concentrations. They also hypothesize that hydrophobic solutes are 
able to penetrate and expand tightly cross-linked condensed organic matter, which leads to a slow 
sorption process, especially at low aqueous phase solute concentrations. Entrapment of sorbing 
molecules within irregularly-shaped, hydrophobic micropores of condensed organic matter would 
give rise to sorption-desorption hysteresis. 
Phenanthrene has been used as the solute in these studies, and its sorption behavior has been 
modeled with isotherms that have been constructed from measurement of the aqueous phenanthrene 
concentration. The behavior of phenanthrene in the soil/sediment/shale phase has been inferred from 
either Freundlich isotherms or the DRM model of phenanthrene behavior in the solid phase. The 
simplest model couples a single Langmuir-type term with a distribution coefficient to describe the 
behavior of phenanthrene in the two domains (amorphous and condensed) of the organic matter of 
soils/sediments/shales. The desorption of phenanthrene from soils and sediments has also been 
explored by Weber and his group using kinetic models similar to equation 15. namely a biphasic rate 
model and a biphasic polymer diffusion model. These three-parameter, biphasic models fit the data 
better than other models, with the polymer diffusion model giving best overall fit to all of the fifteen 
desorption curves. The biphasic rate model seemed more interprétable as it divides the solute into 
two compartments that desorb at different rates. Whether sorption/desorption is described in terms of 
isotherms or kinetics, a biphasic model with two compartments is minimally necessary to describe 
sorption behavior to soils and sediments. The two compartments and biphasic character arise from 
underlying structural features of soil organic matter, namely amorphous and condensed regions. The 
models developed by Weber have relied almost exclusively on measurements of the solute. 
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phenanthrene, in the aqueous solution phase and the construction of isotherms based on those 
measurements. Construction of phenanthrene isotherms from measured concentrations in the 
aqueous phase has allowed comparison of Freundlich parameters, n and K, from sorbent to sorbent. 
These parameters have been correlated with O/C atomic ratios and aromatic content of the 
soils/sediments/shales to infer and demonstrate the underlying structural features in soil organic 
matter that give rise to nonlinearity, high capacity factors, and slow sorption/desorption. No attempts 
have been made to directly measure and differentiate phenanthrene in the two organic matter domains 
of the soil or sediment. In a few instances, the isotherm data has been fit to a dual reactive domain 
model, which provides a visual representation of the possible ratio of solute concentrations in the 
linear partitioned state and the nonlinear, sorbed state as a function of the aqueous phenanthrene 
concentration. These representations are useful in pointing to the dominance of nonlinear isotherms 
at low solute concentrations, however, the concentrations in the two domains are suggestive only as 
they are based on curve fitting to models rather than on direct measurement. Thus, bound forms of 
phenanthrene in the condensed organic matter phase are not mentioned in the extensive series of 
papers developing the distributed reactivity model. Freundlich isotherm parameters have also been 
measured as a function of time in a number of soil/sediment/shale samples. The results of long-term 
(>30 days) experiments may be skewed by possible biodégradation of phenanthrene. as sodium azide. 
as a biocide, may not be completely effective, as detailed elsewhere, in eliminating microbial growth. 
Analysis of sorption data from 90. 182. and 368 day experiments on two sediments indicates 
substantial deviation from results expected from trend lines established from 8 data points in the 1 h 
to 30 d time frame. The deviation from the trend line is in the direction expected from lowered 
aqueous phase concentrations, which could result from biodégradation rather than increased sorption 
to the sediments studied. This group may have recently realized the need for more effective 
biological control as in the paper by Johnson et al. (2001b) soil samples were sterilized by irradiation 
with gamma rays from 60Co. 
From the direct measurement of bound pesticide formation in soils, it is postulated that these 
are formed by a hole-filling mechanism whereby pesticides rapidly fill hydrophobic micropores in 
regions of organic matter dominated by aromatic/aliphatic type carbon, and release from micropores 
requires elevated temperatures to overcome an energy of activation barrier approaching or above 100 
kJ/mol. Further, bound pesticides are formed in substantial quantities instantaneously on contact with 
soil, and reach a maximum concentration in time periods of one to three weeks after pesticide-soil 
contact. The two compartment kinetic model of equation 15 postulates a slow formation of 
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pesticides in the slow fraction that is not in equilibrium with solute in the aqueous phase. This kinetic 
model, therefore, appears unable to incorporate the instantaneous formation of bound pesticides into 
its conceptual framework. It is postulated that a two-compartment model with equilibrium between 
the slow fraction and the aqueous phase is better able to account for instantaneous formation of 
bound pesticides. Such a kinetic model is triangular rather than linear and is described in the scheme 
of Figure 51. 
where C = solute concentration in the aqueous phase, ug/mL 
S,= solute concentration in the partitioned compartment, ug/g 
S2= solute concentration in the bound compartment, ug/g 
Kd= distribution coefficient. mL/g 
k,= first-order rate constant for bound pesticide formation, day"' 
k2= first-order rate constant S, S^day"1 
k3= first-order rate constant S2 S^day'1 
k4= first-order decay constant of extractable pesticide to metabolites, day'1 
Figure 51. Model of Pesticide Fate in Soils 
The scheme outlined above indicates that pesticides dosed into soil proportionate between the 
partitioned and bound fractions from the aqueous solution phase. A portion of S, is accessible for 
immediate filling as bound pesticides are measurable in soil immediately after dosing with pesticides. 
The bound pesticide formation rate constant, k,. is time limited to the first few weeks of pesticide 
contact with soil when maximum bound pesticide concentrations are reached as the capacity of the 
bound fraction. S2, is also limited. Liquid pesticides, such as alachlor and metolachlor. are able to 
form increased concentrations of bound pesticides with time by more compact hole-filling in some 
pores or displacement of solid pesticides from some micropores where multiple habitation is possible. 
The model also incorporates degradation of pesticides to metabolites from the extractable fraction. 
Degradation of bound pesticides is not incorporated into the model as it is assumed that decreases in 
bound pesticides with time result from transfer from a bound state to a partitioned state where 
degradation occurs. Transfer from the bound state to a partitioned state occurs because of decreases 
letabolites 
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in the concentration of the partitioned fraction, S,, from degradation to metabolites, and the transfer 
occurs to reestablish equilibrium between S, and some portion of S2. The bound fraction is assumed 
to comprise a continuous distribution of energetic barriers to desorption, thus only the least 
energetically held portion of S2 is available for equilibrium with the partitioned fraction and the 
aqueous solution phase. The more energetically trapped pesticides remain in that state with time, thus 
a stable concentration of bound pesticide residues is reached with time. 
Bound Pesticides after Initial Dosage 
Bound pesticides in soil at the time of dosage are dependent on the dose and the organic 
matter content of the soil. The bound pesticide residue data from isotherm experiments at seven 
different concentrations allowed formulation of bound pesticide amounts as a function of the applied 
dose. Isotherms of the bound fraction of the herbicides alachlor. atrazine. and metolachlor in field 
soil display a Freundlich exponent of about 0.6. which was used to formulate a model of bound 
pesticide formation in field soil at the initial time of dosage. Thus, equation 19 describes the amount 
of bound alachlor. atrazine. or metolachlor that can be expected in the field soil of this study 
immediately after application of pesticide. 
BP = 0.575D061 (19) 
where BP = concentration of bound pesticide (ng/g) 
D = dose in ng/g of pesticide in soil 
This relationship was found to predict the amounts of bound alachlor. atrazine. and metolachlor in 
field soil immediately after dosage with doses ranging from 20 to 2500 ng/g of the individual 
herbicides. Background amounts of atrazine, alachlor. and metolachlor were subtracted from the 
measured amounts of these bound herbicides to arrive at an estimate of the amount of bound 
herbicides due to the applied dosage. Background amounts of atrazine. alachlor. and metolachlor in 
this lot of field soil were 10.0. 18.8. and 11.3 ng/g, respectively. This relationship is illustrated in 
Figure 52, which shows measured amounts of bound residues alachlor. atrazine. and metolachlor at 
zero time at seven different dosages in field soil. Predicted amounts of these herbicides as described 
by the dose relationship of equation 19 are shown as the predicted line. In addition, measured 
concentrations of bound metribuzin and propazine at two dosages at zero time in field soil are 
illustrated. Points for measured amounts of alachlor, atrazine, and metolachlor in wetland soil were 
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also added to the data in Figure 52 by adjustment of the measured bound residue values in the 
wetland soil by the ratio of the organic carbon content of the two soils. The bound residues in the 
wetland soil thus were coincident with the predicted and measured bound residues in the field soil 
after adjustment by the organic carbon content. 
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Figure 52. Bound Pesticide Residues as a Function of Dosage in Field and Wetland Soil 
The percentage of pesticide residues bound to the soil decreases as the dose is increased. At 
an average applied dose of 24 ng/g of pesticide, the bound residues of the three herbicides, alachlor. 
atrazine, and metolachlor ranged from 18.5 to 24.0% of the applied dose. At an average dose of 167 
ng/g of these same three herbicides in the field soil, the bound residues decreased to an average of 
only 8% of the applied dose.. At an average dose of 1161 ng/g of the three herbicides in the field 
soil, the bound residues at zero time decreased to an average of only 4.5% of the applied dose. A 
similar relationship was found to describe the amount of bound cyanazine in the field soil at the time 
of the initial application, but the exponent increased to 0.81. Bound residues of the hydrophobic 
pesticides, chlorpyrifos and trifluralin, were an even greater percentage of the applied dose as an 
exponent value of 0.97 in equation 19 was required to predict the amount of bound residues given the 
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dose. The value of the exponent in the relationship is thus a function of the hydrophobicity and Kd of 
the pesticide. The predicted line describing the relationship of bound residues as affected by dose 
and measured quantities of bound residues of chlorpyrifos, trifluralin, and cyanazine is shown in 
Figure 53. 
Figure 53. Predicted and Measured Bound Residues of Chlorpyrifos. Trifluralin. and Cyanazine 
The larger exponents in the relationship of equation 19 for chlorpyrifos. trifluralin. and 
cyanazine mean that a larger percentage of the dose of these pesticides become bound to the soil. 
Nearly one-third of the applied cyanazine became bound to field soil at zero time with a dose of 23 
ng/g. At applied dosages of 161 and 3300 ng/g, the percentage of cyanazine bound to the soil 
declined to 21.9 and 9.4%, respectively. At a low dose of chlorpyrifos of 72 ng/g, the bound 
residues of chlorpyrifos represented 59% of the applied dosage. By a dose of 49 ng/g, the percentage 
of chlorpyrifos in a bound state only declined to 47% of the applied dose. At even higher doses of 
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1000 ng/g, the percentage of chlorpyrifos in the form of bound residues remained above 40% of the 
applied dosage. Bound pesticide concentrations in wetland soils at time zero were higher than in field 
soil samples with the same initial dose. The concentration of bound pesticides in the wetland soil is a 
function of the organic matter content of the soil. The wetland soil has a 1.77-fold higher organic 
matter content compared to the field soil and the concentrations of bound pesticides follows the 
increased organic matter content. Equation 20 can be modified to account for differences in the 
organic matter content of different soils. 
BP = OC*0.189D061 (20) 
where OC = organic carbon content of the soil. % 
In the irradiated soil series, the average ratio of the amounts of the six bound pesticides in the wetland 
soil to the amounts in the field soil at zero time was 1.79 while the ratio of the organic carbon 
contents of the two soils was 1.77. The exponents in equation 20 for cyanazine. chlorpyrifos. and 
trifluralin were the same as used in equation 19 as these were 0.81.0.97. and 0.97. respectively. The 
amounts in the hot methanol fraction for chlorpyrifos and trifluralin were adjusted upwards in these 
calculations to arrive at mass balance as a single hot methanol extraction failed to completely recover 
these hydrophobic pesticides from the wetland soil. The incomplete extraction of trifluralin and 
chlorpyrifos from wetland soils was noted earlier in discussion of bound pesticides in irradiated 
wetland soil on page 148. The relationship in equation 20 also predicted accurately the amount of 
bound pesticides in the initial soil series with propachlor. propazine. alachlor. and metribuzin as the 
dosed herbicides. The ratio of bound herbicides in the wetland soil to those in the field soil was 1.93 
with the four herbicides mentioned above. An exponent value of 0.51 was found to apply for the 
herbicide propachlor. as less of the applied dosage of this herbicide was incorporated into bound 
residues than the other chloroacetanilide and triazine herbicides. The structure of propachlor. with no 
side chains, may account for the lower value of the exponent compared to the other herbicides. The 
absence of side chains may ease desorption by offering less steric hindrance to release from 
hydrophobic micropores meaning that herbicides with side chains outcompete propachlor for 
micropore sites by offering more opportunity for interaction with the surrounding chemical matrix of 
micropores. Propachlor is also somewhat hydrophilic with much higher water solubility than 
atrazine and propazine and a considerably lower K*, than alachlor and metolachlor. 
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Bound Pesticides Kinetics 
After initial dosage, the concentration of bound pesticides increase with time with a rate 
constant, k,, in the model formulated in Figure 51. The increase in bound pesticide concentrations in 
soil increased rapidly during the five day time period after initial dosage. During this time period, a 
maximum concentration of bound pesticides in soil was attained which implies that equilibrium was 
reached between the pesticides in a bound state, S2, and those in the extractable fraction, C and S,. 
The rate constant, ks, is thus time limited to the first few days after initial contact of pesticides with 
the soil. The formation of bound pesticides during this time period leads to biphasic dissipation 
kinetics as the first few days of pesticide behavior is dominated by bound pesticide formation and as 
the pesticide-soil system reaches equilibrium, the kinetics of pesticide dissipation in soil shifts to 
dominance by the process of pesticide transformation to metabolites. The biphasic kinetics of 
pesticide dissipation in soil are evidenced in the plots of extractable pesticides with time as detailed 
earlier. The dissipation rate of pesticides in plots of the extractable fraction with time consists of the 
sum of two rate constants, namely, the bound pesticide formation rate. k,. and the degradation rate. 
k4. The difference between the dissipation rate of the extractable fraction in the first five days and 
the degradation rate thereafter gives an estimate of the rate constant, k, that describes the rate of 
formation of bound pesticide residues. Estimates of these rates are shown in Table 12 for four 
herbicides in irradiated field soil and irradiated wetland soil and for three herbicides at two different 
doses in field soil. This rate is similar for alachlor. atrazine. cyanazine. and metolachlor in irradiated 
field soils and the average rate for these four herbicides is 0.0367 day"1. A similar average rate of 
0.0362 day'1 was displayed by these same four herbicides in the first five days of interaction with 
irradiated wetland soil. 
Table 12. Estimates of the Rate of Formation of Bound Pesticide Residues 
Herbicide 
Irradiated 
Field Soil 
Irradiated 
Wetland Soil Field Soil 
Field Soil 
High Dose 
Alachlor 0.0371 0.0303 0.0347 0.0260 
Atrazine 0.0347 0.0420 
Cyanazine 0.0397 0.0406 
Metolachlor 0.0354 0.0318 
Propazine 0.0316 0.0238 
Metribuzin 0.0343 0.0227 
Average 0.0367 0.0362 0.0335 0.0242 
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The rate of formation of bound pesticide residues declined as the concentration of the dose 
increased as evidenced in the lower estimated rate for herbicides in the high dose treatment. A first-
order expression can be used to calculate the bound residue concentrations formed in the early time 
interval. The expression is shown in equation 21. 
The relationship expresses the difference in concentration of extractable residues between the 
initial time zero time period and the concentration after the first five days of pesticide-soil contact due 
solely to the process of bound pesticide formation. It is assumed that the decrease in extractable 
residues due to bound pesticide formation is equivalent to the rate of formation of bound pesticide 
residues and that this rate, k,, can be estimated by subtraction of the degradation rate of each 
individual pesticide from the overall dissipation rate of the particular pesticide during the five day 
time interval. Calculation of bound residues after five days used a dose that was adjusted by 
subtracting the amount of bound pesticides formed during the initial time zero time period. 
Summation of the bound pesticides initially formed plus those formed during the five day time 
interval gives the predicted maximum amount of bound pesticides formed in the soil. This maximum 
concentration was a temporary maxima for alachlor and metolachlor. In equation 21. the rate 
constant, k,, is dependent on the initial concentration of pesticides in the soil. This dependence 
comes about because of a limited number of'sites" or micropores in the soil and at higher doses more 
of the capacity is initially filled leaving fewer 'sites* available for filling in the following five day 
time period. The form of the dependence of k, on the dose is itself an exponential expression 
whereby k, declines exponentially with an increase in the concentration of pesticide in the soil at time 
zero. The form of the exponential is expressed in equation 22 along with parameter estimates that 
describe the data in Table 12. 
BP = AD - ADe"V 
where AD = adjusted dose, ng/g 
k, = formation rate constant 
t = time, 5 days 
(21) 
k, = kg e1"00004*00*1 (22) 
where kg = 0.0400 day'1 
dose = concentration of extractable pesticides in soil at time zero, ng/g 
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The rate constant, kg, was estimated from the data in Table 12 extrapolated to very low pesticide 
concentrations dosed into the soil. Predicted and measured maximum concentrations of bound 
pesticide residues in field soil are shown in Table 13. 
Table 13. Predicted and Measured Maximum Concentrations of Bound Pesticides in Field Soil 
Predicted Predicted Measured Predicted Predicted Measured 
Dose Increase Maximum Maximum Dose Increase Maximum Maximum 
Pesticide ng/g ng/g ng/g ng/g ng/g ng/g ng/g ng/g 
Propachlor 87.0 6.7 11.1 8.7 607.5 23.8 39.7 41.6 
Propazine 94.6 13.5 21.8 16.7 452.5 33.6 59.3 59.7 
Alachlor 136.4 18.5 36.5 32.8 465.7 33.2 77.5 75.6 
Metribuzin 91.9 13.1 21.3 17.0 702.7 52.7 85.8 97.4 
Total Dose 410.0 2228.4 
Calculation of the predicted increase in concentration of bound residues was accomplished 
by use of equations 22 and 21. Thus the estimated rate constant, k,. was first calculated based on the 
total concentration of the dosed pesticides in the soil. Next, this rate constant was applied to each 
individual pesticide to calculate the difference in concentration due to bound pesticide formation in 
the first five days of pesticide-soil contact using equation 21. The calculations for propachlor used a 
rate constant that was half that of the other pesticides as degradation dominated the dissipation of this 
herbicide at all time periods making the estimate of k, half that of the other herbicides detailed in 
Table 12. The calculated results in Table 13 show that predicted maximum concentrations were 
higher than the measured bound residue concentrations at lower pesticide doses, while at higher doses 
the measured amounts were generally slightly higher than the predicted maximum concentration of 
bound pesticide residues. The parameters used in equations 21 and 22 are based on a limited amount 
of data comprising only two different doses of pesticide added to field soil. Application of equations 
21 and 22 along with the parameters developed from Table 12 to the pesticides dosed into the 
irradiated field and wetland soils resulted in the predicted increases and maximum bound pesticide 
residues detailed in Table 14. The concentration of bound residues of atrazine. alachlor. and 
metolachlor measured in the field soil were calculated by subtracting the background residues of 
these herbicides in the field soil from the measured concentrations. The lot of field soil used in the 
irradiated experiments contained 10.0.18.8, and 11J ng/g of atrazine, alachlor. and metolachlor. 
respectively. These same background amounts were used in calculation of the amounts of 
bound residues in the field soils after dosage at the zero hour time period. 
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Table 14. Predicted Five Day and Maximum Bound Pesticides in Field and Wetland Soils 
Field Wetland 
Two day Predicted Measured Two day Predicted Measured 
Increase Maximum Bound Cone. Increase Maximum Bound Cone. 
ng/g ng/g ng/g ng/g ng/g ng/g 
Trifluralin 5.6 13.2 23.5 5.8 12.9 15.9 
Atrazine 10.6 18.5 19.9 8.9 28.0 33.9 
Alachlor 13.8 21.3 24.7 13.1 26.2 22.9 
Metolachlor 19.0 30.0 33.9 17.3 40.2 43.3 
Chlorpyrifos 4.6 27.8 27.2 4.3 29.7 25.4 
Cyanazine 6.7 22.4 26.4 4.8 32.8 35.0 
The concentration of bound cyanazine residues measured in both the field and wetland soils 
was adjusted because of mass balance. The discrepancy in mass balance probably reflects 
measurement of an interference in the toluene and methanol extracts of field soil along with 
cyanazine. Sum totals of cyanazine from the three extracts of field soil in the early time periods 
exceed the actual amount of cyanazine added to the field soil by about 20%. Thus, measured residues 
of bound cyanazine were multiplied by 0.8 to arrive at the measured concentrations for cyanazine in 
Table 14. The rate expression in equations 21 and 22 also predict the amounts of bound pesticides 
formed in the wetland soil in the early time period when bound pesticides are formed. 
The method of calculation of maximum bound residues apparently failed when applied to 
trifluralin. Zero time residues of trifluralin in both the field and wetland soils were determined at the 
end of the storage period of the irradiated soils. Trifluralin in the spike solution had apparently 
sorbed into the silicone/teflon septa of the storage bottle as only about half of the trifluralin was 
recovered from the time zero dosed soils compared to soils dosed when the stock solution was fresh. 
The predicted maximums in Table 14 for trifluralin are based on measured bound trifluralin residues 
in the time zero soils that are only half of the expected value. Thus, the predicted maximums in 
Table 14 for trifluralin are deficient by about 8 ng/g of bound trifluralin residues. In addition, the 
measured concentration of bound trifluralin residues in the wetland soil is most likely lower than the 
actual concentrations as this herbicide is difficult to quantitatively extract from wetland soils with 
only one hot methanol extraction. From mass balance it appears that only about 60% of the bound 
residues of trifluralin were recovered from the wetland soil. 
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In both the field and wetland soils the concentration of bound forms of alachlor and 
metolachlor increased after the initial time period (Figures 33 and 42) and reached maximum 
concentrations in the 20 to 35 day time period after dosage. In the field soil, increases in the 
concentrations of bound residues of metolachlor and alachlor proceeded in a linear fashion from 2 to 
35 days of storage. The rate of increase was 0.48 ng/g day"1 for metolachlor and 0.33 ng/g day'1 for 
alachlor. The increased rate of formation of bound residues of metolachlor compared to alachlor is 
not indicative of different interactions for these two molecules or of different chemistries, but reflects 
the differences in concentration of these two herbicides dosed into the soil. The ratio of the rates of 
formation in this time period is 1.45, while the ratio of the concentrations in the soil is a nearly 
identical 1.40. Thus, each of these liquid herbicides is incorporated into bound residues in the 2 to 35 
day time period at an identical rate after compensation for the different concentrations of the two 
herbicides in the field soil. A rate expression identical to that in equation 21 with a rate constant of 
0.0043 day"1 describes the increase in bound metolachlor and alachlor concentrations after the initial 
uptake that ends after two days of storage. In the wetland soil increases in bound residues of alachlor 
and metolachlor after the initial storage period were nearly identical to those in the field soil. Rates 
of increase for metolachlor and alachlor in the 5 to 35 day time period were 0.48 ng/g day'1 and 0.31 
ng/g day'1, respectively. Thus, the same rate constant of 0.0043 day'1 applies to formation of bound 
residues of metolachlor and alachlor in wetland and field soils after the initial uptake period. Three 
different mechanisms may account for the increase in bound residues of metolachlor and alachlor in 
the soils with longer storage periods. These herbicides being liquids may be able to double up by 
packing more efficiently in some micropores. Also these herbicides may displace atrazine and 
cyanazine from some micropores. In the field soil, at least this appears as a distinct possibility as the 
increase in concentration of alachlor and metolachlor after the initial 2 day storage period of 22 ng/g 
is mirrored by a decrease of 19 ng/g in the concentration of bound residues of atrazine and cyanazine 
from 2 to 35 days of storage. Alachlor and metolachlor also may be able to penetrate into more 
interior regions of the humic acid structure than is possible for the other pesticides because of their 
liquid nature. The amount of bound pesticides in samples stored for 60 days declined significantly 
compared to the other time periods, especially in the wetland soil. This may reflect an entrapment of 
pesticides in the soil with time making a portion of the bound pesticides unextractable by a single hot 
methanol extraction. 
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Other Model Parameters 
Other model parameters in the scheme of Figure 50 include the distribution coefficient, Kd, 
and the degradation constant, k4. The distribution coefficient between pesticides in the aqueous 
solution phase and those in the soil phase extractable by toluene remained stable as a function of 
time. In the irradiated field and wetland soils, Kd values for atrazine, alachlor, metolachlor, and 
cyanazine remained in a narrow range during the time period from zero to 60 days of storage with no 
apparent trend. The Kj value for chlorpyrifos declined by 25% with time as stable values of the 
aqueous phase concentration prevailed throughout the storage period, while the amount of 
chlorpyrifos in the toluene extract declined with time. Distribution coefficients for trifluralin were 
noncalcuabie as most storage samples had nondetectable amounts of trifluralin in the 0.01 M calcium 
chloride extract. 
Degradation of pesticides in soil in the scheme of Figure 50 must occur proportionately from 
both the aqueous solution phase and the partitioned soil phase, S,. in order to maintain a stable 
distribution coefficient as outlined above. The first-order decay rates of pesticides in soils is an order 
of magnitude slower than the incorporation rate into bound pesticides that occurs in the first few days 
after pesticide-soil contact. Thus, the rate of bound pesticide formation, k,. of 0.145 day'1, exceeds 
the average rate of degradation, k4, of 0.0155 ± 0.0025 day'1 of the six pesticides in the irradiated 
wetland soil by almost 10-fold. The formation rate constant, k,, is even greater in magnitude 
compared to degradation rates. k4, of most of the pesticides in the irradiated field soil where the ratio 
of the two rates is as great as 50-fold for the hydrophobic pesticides, trifluralin and chlorpyrifos. 
Although the rate of degradation is much smaller than the bound pesticide formation constant, the 
degradation rate continuously operates while the formation rate is limited in time to only the first few 
days after pesticide-soil contact. Decay rates of extractable chloroacetanilide herbicides after the 10 
day time period of bound pesticide formation were greater in irradiated wetland soil by a factor of 
two than in irradiated field soil. The decay rate of triazine herbicides was similar in both the wetland 
and field soils, while extractable forms of the hydrophobic pesticides, trifluralin and chlorpyrifos. 
decayed at a 6-fold higher rate in the wetland soil than in the field soil. The increased rate of decay 
of the hydrophobic pesticides in the wetland soil may not be degradation, but conversion to these 
pesticides to unextractable bound forms with time. This may also be the case with alachlor and 
metolachlor in the wetland soil, as abiotic degradation of these herbicides, as well as trifluralin and 
chlorpyrifos. is very slow in the irradiated field soil with a biocide. 
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Summary of Model 
A triangular kinetic model is postulated to account for the formation of bound pesticides in 
soil with the scheme outlined in Figure 51. Mathematical expressions were developed to account for 
the instantaneous formation of bound pesticides in field and wetland soils, and for their increase to 
maximum concentrations after a few days of pesticide-soil contact. The initial concentration of 
bound pesticides in soils was dependent on both the dose and the organic carbon content of the soil. 
The nature of the pesticide had less influence on the concentration of bound residues, except in the 
case of very hydrophobic pesticides such as trifluralin and chlorpyrifos. The rate of formation of 
bound pesticides after initial pesticide-soil contact was independent of the soil type and nature of the 
pesticide, and depended only on the dose of pesticide added to the soil. Liquid herbicides such as 
alachlor and metolachlor continued to be incorporated slowly with time into bound pesticide forms 
after reaching a temporary maximum concentration after 2 to 5 days of storage. The formation of 
bound pesticide residues in soils is postulated to occur via a mechanism of hole-filling whereby 
pesticides rapidly fill hydrophobic micropores in regions of organic matter dominated by 
aromatic/aliphatic type carbon. Release of bound pesticides from micropores requires elevated 
temperatures to overcome an energy of activation barrier approaching or above 100 kJ/mol and is 
thus is the rate-limiting step to desorption. The existence of bound pesticides in micropores with an 
energy of activation barrier results in biphasic sorption and desorption behavior, and allows direct 
measurement of bound pesticides through a sequential extraction procedure with the last extraction 
step requiring elevated temperatures. 
Direct evidence for micropores within humic acid has been reported in the literature. De 
Jonge et al. ( 1996) reported high specific surface areas of94-174 m2/g for soil organic matter 
employing CO: instead of N, in surface area measurements. These values are in the range of the 
surface area of coal materials and are generally two orders of magnitude larger than surface areas of 
the same materials determined with N2. Micropores were estimated to be of molecular dimensions 
with average size of 0.4-0.5 nm (4-5 A). Microporosity of the type described by the authors would 
be expected to give rise to very low diffusion coefficients in the nanopores with diffusion rates being 
very temperature dependent. Maurice and Namjesnik (1999) used atomic force microscopy to 
examine the shapes and forms of humic acids deposited on mica surfaces. The humic acids 
aggregated into ring-shaped structures. In addition, smaller rings and coalesced speroids were also 
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evident in some of the images as well as nanometer-sized pore spaces. The observed ring structures 
were consistent with a model of soil organic matter proposed by Schulten (1998). His modeling of a 
humic polymer resulted in a ring structure similar in size to that observed above. The structure also 
had small ring structures within the interannular ring and possessed nanometer-scale porosity.. 
Werth et al. (2000) developed and tested a model that envisioned slow desorption of HOC's 
from hydrophobic micropores within the organic matter of soils and sediments as the mechanism 
leading to bound contaminants and slow desorption. The desorption of contaminants was also 
characterized as an energetic process that required overcoming an activation energy ( Eact) before 
release from the micropores could occur. Model simulations were developed with micropores of 
different diameters and lengths and the associated energies were used to calculate fluxes from the 
filled micropores and their response to temperature perturbations. 
Castilla et al. (2000) applied the model developed above to the study of slow desorption of 
TCE from soil, sand, and sediment columns. The values of the effective activation energy for all 
three natural sorbents were in the range of 47 to 94 kJ/mol. These values are in the range of the 
activation energy for diffusion in microporous mineral solids and formicroporous hard organic 
polymers. The activation energies in the soil remained at a relatively constant but high (90 kJ/mol) 
value with heating time indicating diffusion from small diameter micropores at all heating times. The 
activation energy of the sediment was also fairly constant with heating time but was only half the 
magnitude of the activation energy in the soil. This lower activation energy was attributed to larger 
diameter and/or length pores. Micropore geometry was singled out as the most important parameter 
in determining the rate of slow desorption of organic pollutants from natural solids. Farrell and 
Reinhard (1994) concluded that pore diffusion models could not account for the slow desorbing 
fraction of TCE from model solids, soils, and sediments. Micropores of molecular dimensions were 
postulated as sites for energetic sorption of TCE and as the source of the slow desorbing fraction. 
Micropores could represent singularities with unique behavior toward solutes depending on size and 
other properties. Three specific effects of microporosity would be expected based on steric 
hindrance, increased sorption energetics, and increased surface area to volume ratios as pores become 
smaller. Xia and Ball (1999) observed that liquid chlorobenzenes and liquid PAH's behaved 
differently than solid compounds of these same chemical classes in sorption to a subsurface aquitard 
soil. Modeling of the sorption data with Polanyi-type isotherms showed a single, highly correlated 
fit of volume of solute adsorbed by the soil when plotted against sorption potential density for all the 
liquid chemicals. The behavior of liquid pollutants was seen as evidence for a pore-filling 
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phenomenon arising from a tighter packing density of the liquids in micropores of soil organic matter. 
Aochi and Farmer (1997) postulated microporosity in condensed organic matter as the source of a 
slow desorbing fraction of 1,2-dichloroethane sorbed in the vapor state to humic and fulvic acids. 
The slow desorbing fraction was examined directly by infrared spectrometry and exhibited unique 
spectral characteristics consistent with sorption within micropores within regions of dense organic 
matter. 
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CONCLUSIONS AND IMPLICATIONS 
A model based on sorption of pesticides into capacity-limited, high-energy, hydrophobic 
micropores occurring mostly within aromatic rich regions of soil organic matter is postulated to 
account for pesticide behaviors that deviate from a partition model of soil organic matter. 
Specifically, these behaviors are nonlinear isotherms, competitive effects, the formation of slowly 
desorbed bound fractions, increased isotherm linearity with increases in temperature, differences in 
organic carbon normalized distribution coefficients, and concentration dependence of organic carbon 
normalized distribution coefficients. 
Present pesticide fate models based on a partition model of soil organic matter overestimate 
the runoff potential from applications of pesticides in field situations by failing to account for the 
rapid formation of bound pesticide residues. Analytical procedures for the measurement of soil 
pesticide residues underestimate the amounts of pesticides in soil, especially for samples taken 
months after pesticide application, as the extraction procedures often used leave bound pesticide 
residues intact. Wetland soils have a high capacity to sorb pesticides from water due to their high 
organic matter content. Wetlands may have the capacity to act as pesticide sinks in the removal of 
pesticides from field runoff based on a number of factors. First, the formation of bound pesticide 
residues is a relatively rapid process requiring only a few days of contact between pesticide bearing 
water and wetland soils for the formation of the majority of the potential maximum amount of bound 
residues. Second, wetlands would possess a sustainable high capacity for removal of pesticides from 
water as decaying plant material adds to the organic matter content and thus the capacity of the 
wetland each growing season. Third, the formation of bound pesticide residues in wetland soils 
renders the pesticides into largely unextractable and nonbioavailable forms, especially with the 
passage of time. The potential of wetlands as pesticide sinks will need to be explored on scales larger 
than in this study to assess the ability of wetlands to remove pesticides from runoff water and test the 
formation and fate of bound pesticides. 
Table I S. Four Comp Series Normalized Pesticide Residues in Nanograms for the Zero Day Time Period 
Field Soil-Biocide-CaCI Field Soil-Biocide-Toluene Field Soil-Biocide-MeOH 
A B C A B C A B C 
Propachlor 1004.3 973.3 1008.3 1660.6 1625.4 1699.0 74.3 75.9 72.2 
Propazlne 608.2 601.9 631.9 1353.8 1394.0 1387.3 108.3 109.3 112.6 
Alachlor 884.1 863.5 915.6 3453.6 3579.0 3730.3 1159.8 1166.9 1128.4 
Metribuzin 842.2 817.6 856.2 895.1 878.8 897.2 106.0 103.0 106.5 
Wetland Soil-Biocide-CaCI Wetland Soil-Biocide-Toluene Wetland Soil-Biocide-MeOH 
A B C A B C A B C 
Propachlor 468.9 486.2 480.5 1687.0 1868.0 1672.6 113.4 113.5 110.4 
Propazlne 331.1 331.0 340.2 1460.0 1512 7 1505.4 234.5 231.7 243.3 
Alachlor 480 5 469.8 476 3 26682 2759.6 2861.5 409.9 425.1 414.7 
Metribuzin 496.7 490.6 5066 1246.1 1271.6 1227.0 239.5 247.9 245.0 
Table 16. Four Comp Series Normalized Pesticide Residues in Nanograms for the Two Day Time Period 
Field Soil-Biocide-CaCI Field Soil-Biocide-Toluene Field Soil-Biocide-MeOH 
A B C A B C A B C 
Propachlor 439.7 460.7 437.1 984.0 925.0 937.9 131.2 127.2 126.4 
Propazlne 495.7 508.3 492.5 1362.3 1328.8 1324.7 209.6 193.4 196.8 
Alachlor 643.2 646.1 645.4 3752.0 3496.4 3585.2 1289.4 1125.5 1151.6 
Metribuzin 638.5 691.6 620.6 1052.7 1031.2 1024.8 175.4 148.5 146.9 
Field Soil-No Biocide-CaCI Field Soil-No Biocide-Toluenc Field Soil-No Biocide-MeOH 
A B C A B C A B C 
Propachlor 18.0 21.3 12.6 110.6 104.5 109.0 36.8 35.2 35.3 
Propazlne 457.7 449.5 484 2 1307 4 1251.9 1342.7 242.1 242.4 237.0 
Alachlor 430.9 436.7 424.3 2768.6 2682.7 2892.8 1139.9 1064.5 1078.6 
Metribuzin 624.0 594.0 650.5 874.0 879.1 910.0 171.1 163.0 172.6 
Wetland Soil-Biocide-CaCI Wetland Soil-Biocide- Toluene Wetland Soil-Biocide-MeOH 
A B C A B C A B C 
Propachlor 109.4 102.0 104.4 761.0 767.3 771.6 13.1 12.8 13.0 
Propazlne 233.1 248.9 227.2 1693 5 1607.1 1695.9 220.8 218.1 203.5 
Alachlor 230.9 225.3 222.8 2509.9 2636.0 2691.8 289.4 282.5 294.2 
Metribuzin 323.8 340.7 314.0 1233 5 1323.2 1318.2 185.0 170.6 190.8 
Wetland Soil-No Biocide-CaCI Wetland Soil-No Biocide-Toluenc Wetland Soil-No Biocide-MeOH 
A B C A B C A B C 
Propachlor 90.5 84.2 94.5 979.4 966.7 846 5 25.4 22.3 18.7 
Propazlne 196.3 191.9 189.9 1693.5 1644.2 16852 194.0 196.1 194.9 
Alachlor 241.0 248.5 254.2 2699.3 2710.2 25702 336.9 292.6 306.4 
Metribuzin 267.3 278.8 278.7 1162 9 1105.1 1067 6 237.4 212.3 212.4 
Table 17. Four Comp Series Normalized Pesticide Residues in Nanograms for the Five Day l ime Period 
Field Soil-Biocide-CaCI Field Soil-Biocide-Toluene Field Soil-Biocide-MeOH 
A B C A B C A B C 
Propachlor 189.8 193.1 167.6 527.4 497.8 551.0 203.0 133.8 196.5 
Propazlne 450.2 410.9 387.3 1140.6 1119.6 1219.9 402.1 375,4 434.2 
Alachlor 575.9 435.3 584.1 3377.1 3213.8 3264.7 2217.7 1826.5 1939.0 
Metribuzin 735.6 591.1 618.4 1366.9 1246.2 1198.2 353.0 301.5 365.7 
Field Soil-No Biocide-CaCI Field Soil-No Biocide-Toluene Field Soil-No Biocide 
MeOII 
A B C A B C A B C 
Propachlor ND ND ND ND ND ND ND ND ND 
Propazlne 355.9 361.2 379.2 1224.8 1203.3 1162.9 458.5 482.4 458.7 
Alachlor 211.1 158.1 272 2 2421.4 1968.1 2088.2 1786.6 1732.8 1540.4 
Metribuzin 503.7 346.4 485.2 874.8 763.6 909.5 413.2 333.4 399.6 
Wetland Soil-Biocide-CaCI Wetland Soil-Biocide-Toluene Wetland Soil-Biocide-MeOH 
A B C A B C A B C 
Propachlor 72.2 83.5 91.1 481.1 469.9 455.9 ND ND ND 
Propazlne 223.2 218.6 230.9 1376.6 1162.8 1245.1 339.5 262.7 276.4 
Alachlor 186.1 186.3 237.9 1623.9 1751.0 2065.8 384.0 356.1 419.8 
Metribuzin 385.4 399.1 366 7 1709 3 1644.1 1588.0 596.4 522.4 565.8 
Wetland Soil-No Biocide-CaCI Wetland Soil-No Biocide-Toluene Wetland Soil-No Biocide-MeOH 
A B C A B C A B C 
Propachlor ND ND ND 4224 472.5 322.3 ND ND ND 
Propazlne 165.5 156.5 160 5 1662.4 1389.1 1377.2 190.1 230.5 255.2 
Alachlor 111.9 106.1 76.0 2468 1 2191.1 1908.9 209.6 322.1 325.4 
Metribuzin 355.5 298.7 329.8 1810.4 1484.0 1473.6 426.5 438.9 408.0 
Table 18, Four Comp Series Normalized Pesticide Residues in Nanograms for the Ten Day Time Period 
Field Soil-Biocide-CaCI Field Soil-Biocide-Toluene Field Soil-Biocide-MeOH 
A B C A B C A B C 
Propachlor 140.7 124.1 121.2 351.3 3420 340.8 167.1 151.1 123.2 
Propazlne 385.3 390.5 413.0 1029.7 1082.1 1011.2 318.9 305.9 289.9 
Alachlor 478.8 5142 506.2 2717.0 2860.7 2749.8 1677.1 1802.1 1944.3 
Metribuzin 681.9 672.3 637.3 1301 7 1343.4 1260.8 328.3 313.1 305.8 
Field Soil-No Biocide-CaCI Field Soil-No Biocide-Toluene Field Soil-No Biocide-MeOH 
A B C A B C A B C 
Propachlor ND ND ND ND ND ND ND ND ND 
Propazlne 340.3 3508 344.0 1136 6 11124 1159.5 398.2 382.4 398.8 
Alachlor 34.6 75.8 55.3 1180 7 1147.9 1270.8 1244.2 1209.9 1229.6 
Metribuzin 178.9 186.2 206.0 358.6 361.6 436.7 224.1 223.5 261.7 
Wetland Soil-Biocide-CaCI Wetland Soil-Biocide- Toluene Wetland Soil-Biocide-MeOH 
A B C A B C A B C 
Propachlor 62.8 70 2 74.5 242.7 297.2 270.5 ND ND ND 
Propazlne 229.1 226.8 2294 982.6 1065.3 988.9 563.7 471.8 518.1 
Alachlor 152.8 165.4 155 1 1378.5 1507.8 1420.5 824.4 800.3 908.5 
Metribuzin 356.3 376.8 373.9 1130.3 1268.2 1270.5 452.1 428.1 428.9 
Wetland Soil-No Biocide-CaCI Wetland Soil-No Biocide-Toluene Wetland Soil-No Biocide-MeOH 
A B C A B C A B C 
Propachlor ND ND ND ND ND ND ND ND ND 
Propazlne 123.9 120 7 154 5 4984 487.9 595 2 542.8 451.8 467.0 
Alachlor 54.6 36.3 664 316.6 296 0 451 3 550.9 517.4 608.4 
Metribuzin 243.0 2186 248 8 556 2 589.4 577.4 558.5 476.1 489.8 
Table 19. Four Comp Series Normalized Pesticide Residues in Nanograms for the Twenty One Day Time Period 
Field Soil-Biocide-CaCI Field Soil-Biocide-Toluene Field Soil-Biocide-MeOH 
A B C A B C A B C 
Propachlor 51.4 60.5 68.3 185.8 144.0 187.0 86.5 62.4 77.9 
Propazlne 343.8 350.1 341.3 892.4 975.5 901.2 259.9 267.3 245.8 
Alachlor 457.1 504.8 450.6 2598.8 2756.1 2554.9 1475.2 1434.8 1291.1 
Metribuzin 576.8 613.8 557.9 1062.7 978.7 972.4 307.0 321.4 286.5 
Field Soil-No Biocide-CaCI Field Soil-No Biocide-Toluene Field Soil-No Biocide-MeOH 
A B C A B C A B C 
Propachlor ND ND ND ND ND ND ND ND ND 
Propazlne 254.8 243.5 250.8 903.5 908.1 938.5 360.6 350.6 369.4 
Alachlor ND ND ND 886.6 730.1 784.2 1241.0 991.1 1039.7 
Metribuzin 27.6 11.1 10.5 76.1 77.9 69.2 137.3 135.7 152.1 
Wetland Soil-Biocide-CaCI Wetland Soil-Biocide-Toluene Wetland Soil-Biocide-MeOH 
A B C A B C A B C 
Propachlor ND ND ND 114.6 138.6 131.4 ND ND ND 
Propazlne 160.1 167.0 173.4 1244.3 1261.1 1255.9 564.8 614.2 398.3 
Alachlor 77.2 94.6 87.6 1537.9 1488.7 1493.6 738.6 784.5 493.4 
Metribuzin 312.6 326.0 311.1 1268 3 1361.3 1311.0 488.4 532.7 403.1 
Wetland Soil-No Biocide-CaCI Wetland Soil-No Biocide- Toluene Wetland Soil-No Biocide-MeOH 
A B C A B C A B C 
Propachlor ND ND ND ND ND ND ND ND ND 
Propazlne 90.3 97.3 84.9 834 5 859.0 703.0 270.3 245.9 294.4 
Alachlor ND ND ND 600 1 642.3 4163 339.3 296.4 353.7 
Metribuzin 150.2 147.0 131.7 608 9 638.6 653 0 408.6 365.0 406.3 
Table 20, Four Comp Series Normalized Pesticide Residues in Nanograms for the Thirty Five Day Time Period 
Field Soil-Biocide-CaCI Field Soil-Biocide-Toluene Field Soil-Biocide-MeOH 
A B C A B C A B C 
Propachlor 24.2 21.5 21.8 63.3 46.3 49.1 47.0 46.6 42.6 
Propazlne 261.3 280.7 263.1 600.5 633.8 640.4 195.4 234.8 212.8 
Alachlor 457.6 457.5 473.5 2352.9 2386.9 2276.9 1410.4 1611.1 1473.5 
Metribuzin 609.0 632.4 612.8 592.4 590.3 572.3 265.0 311.5 274.6 
Field Soil-No Biocide-CaCI Field Soil-No Biocide-Toluene Field Soil-No Biocide-MeOH 
A B C A B C A B C 
Propachlor ND ND ND ND ND ND 33.5 31.3 36.8 
Propazlne 196.4 196.4 191.5 748.9 673.5 698.8 257.6 269.9 265.4 
Alachlor ND ND ND 706.3 645.1 643.3 668.2 765.3 824.7 
Metribuzin 13.0 27.0 27.0 42.6 34.1 45.3 76.3 66.0 85,6 
Wetland Soil-Biocide-CaCI Wetland Soil-Biocide-Toluene Wetland Soil-Biocide-MeOH 
A B C A B C A B C 
Propachlor 0.0 0.0 0.0 37.4 42,0 29.6 ND ND ND 
Propazlne 191.0 205.7 173.3 972 3 973 5 940.0 412.2 391.8 449.2 
Alachlor 111.3 151.3 95.1 860.2 935.1 929.8 655.9 650.8 727.5 
Metribuzin 407.9 413.0 413.6 9256 894.6 8768 318.1 316.5 340.4 
Table 21. Four Comp Series Normalized Pesticide Residues in Nanograms for the Ninety Day Time Period 
Field Soil-Biocide-CaCI Field Soil-Biocide-Toluene Field Soil-Biocide-MeOH 
A B C A B C A B C 
Propachlor 5.9 6.7 6.0 72.0 14.5 18.5 147.7 61.8 41.8 
Propazlne 117.8 121.3 120.2 354.7 424.4 390.6 219.6 204.5 222.4 
Alachlor 99.4 108.9 125.5 953.1 1301.5 862.2 1339.0 1332.0 1441.9 
Metribuzin 311.1 313.3 364.9 426.4 486.5 483.2 430.7 462.8 495.1 
Field Soil-No Biocide-CaCI Field Soil-No Biocide-Toluene Field Soil-No Biocide-MeOH 
A B C A B C A B C 
Propachlor ND ND ND ND ND ND 67.8 29.9 83.4 
Propazlne 80.7 75.3 41.4 372.1 172.5 376.4 625.1 147.6 764.0 
Alachlor ND ND ND 738.3 612.0 168.5 1835.9 897.9 1733.9 
Metribuzin 16.6 14.2 24 8 41.4 93.0 92,9 141.7 191.6 187.7 
Wetland Soil-Biocide-CaCI Wetland Soil-Biocide- l oluene Wetland Soil-Biocide-MeOH 
A B C A B C A B C 
Propachlor ND ND ND ND ND ND 20.5 35.8 23.3 
Propazlne 804 71.0 72 8 38 7 38.7 77.2 1155.1 1054.3 963.4 
Alachlor ND ND ND ND ND ND 1006.7 956.0 897.7 
Metribuzin 272.5 209.8 216.5 58.8 51.2 85.0 1093.2 1086.6 959.5 
Wetland Soil-No Biocide-CaCI Wetland Soil-No Biocide- Toluene Wetland Soil-No Biocide-MeOH 
A B C A B C A B C 
Propachlor ND ND ND ND ND ND 23.1 33.9 38.1 
Propazlne 50.5 47.2 52 8 32 3 38.2 43.4 933.5 947.9 1007.4 
Alachlor ND ND ND ND ND ND 397.0 459.0 493.4 
Metribuzin 19.1 52.4 76 2 9 7 16.1 34.0 293.5 462.5 716.7 
Table 22. Moisture Soil Series Normalized Pesticide Residues in Nanograms for the Zero Day Time Period and Soil Blanks 
Field Soil-30% Moisture-CaCI Field Soil-30% Moisture-Toluene Field Soil-30% Moisture-MeOH 
A B C A B C A B C 
Propachlor 1030.2 1044.8 1023.8 1838.4 1799.2 1748.9 171.7 173.4 176.1 
Propazlne 990.8 988 7 983.3 2389.3 2374.8 2356.7 329.5 344.0 326.6 
Atrazlne 16.7 16.9 18.0 55.2 65.2 64.8 445.9 447.9 487.7 
Acetochlor ND ND ND 29.6 33.2 32.6 859.9 856.1 958.5 
Alachlor 970.4 1006.7 968.0 4275.0 4335.9 4374.0 1464.1 1335.2 1332.2 
Metolachlor 35.9 36.5 38.2 257.6 294.9 270.4 589.2 638.1 628.8 
Metribuzin 1507.5 1510.7 1482.4 1411.2 1424.8 1431.0 327.5 333.1 332.2 
Field Soil-Blank-CaCI Field Soil-Blank-Toluene Field Soil-Blank-MeOH 
A B C A B C A B C 
Propachlor ND ND ND ND ND ND ND ND ND 
Propazlne ND ND ND ND ND ND ND ND ND 
Atrazlne 12.5 14.8 13.1 47 3 50.9 51.1 457.0 461.1 455,9 
Acetochlor ND ND ND 27.6 40.6 35.0 857.6 889.9 894.7 
Alachlor 8.4 6.2 7.3 2206 185.9 197.1 901.5 910.7 931.9 
Metolachlor 26.5 19.2 28.7 242 2 232 2 243.5 697.2 6496 648.6 
Metribuzin ND ND ND ND ND ND ND ND ND 
Table 23. Moisture Soil Series Normalized Pesticide Residues in Nanograms for the I ive Day Time Period 
Field Soil-30% Moisture-CaCI 
A B C  
Field Soil-30% Moisture-Toluene 
A B C  
Field Soil-30% Moislure-MeOH 
A B C  
Propachlor 380.3 391 7 413.2 918.2 928.6 933.2 305.2 276.4 310.2 
Propazlne 681.6 706.2 721.5 1987.5 1984.2 1980.8 665.4 644.8 698.7 
Atrazlne 21.7 21.0 19.0 88.8 82.5 85.9 402.8 462.4 390.1 
Acetochlor ND ND ND 65.3 43.6 72.3 1052.5 1000.5 1052.3 
Alachlor 707.8 705.0 757.3 3611.8 3867.4 3878.8 2202.4 1994.3 2143.2 
Metolachlor ND ND ND 221.3 239.7 232.4 737.1 691.3 662.5 
Metribuzin 1211.7 1239.4 1238.8 1364.9 1437.7 1340.0 676.2 658.3 702.6 
Field Soil-20% Moisture-CaCI Field Soil-20% Moisture- Toluene Field Soil-20% Moisture-MeOH 
A B C A B C A B C 
Propachlor 415.2 374.4 412.7 1070 3 956.4 1053.4 320.4 328.7 310.7 
Propazlne 642.6 619.4 644.4 2032.0 1901.1 2047.0 683.3 688.5 656.6 
Atrazlne 22 3 22.0 193 91 2 86 3 87.4 413.6 483.4 397.0 
Acetochlor ND ND ND 67.0 45.6 73.6 1080.7 1046.0 1070.9 
Alachlor 674.5 654.1 676.9 3274.7 3391.0 3672.1 1967.7 2157.6 2111.8 
Metolachlor ND ND ND 2272 250.6 236.5 756.8 722.7 674.2 
Metribuzin 1149.2 1101.6 1146.0 14499 1329 0 1376.1 693.0 737.0 694.6 
Table 24, Moisture Soil Series Normalized Pesticide Residues in Nanograms for the Ten Day Time Period 
Field Soil-30% Moisture-CaCI Field Soil-30% Moisture-Toluene Field Soil-30% Moislure-MeOH 
A B C A B C A B C 
Propachlor 270.7 288.4 286.6 661.9 637.3 676.8 788.0 630.6 720.5 
Propazlne 598.8 636.9 620.1 1724.7 1735.0 1735.6 685.0 679.9 670.4 
Atrazlne 18.0 17.4 17.4 73.4 77.3 70.7 415.1 674.3 439.5 
Acetochlor ND ND ND 40.6 376 49.2 1109.6 1083.3 1208.1 
Alachlor 657.6 696.7 720.8 3255.4 3277 8 3239.7 2145.4 2109.9 2164.8 
Metolachlor 20.1 28.1 34.8 254.1 2379 255.5 621.6 607.5 634.8 
Metribuzin 1195.7 1249.7 1142.7 1308.3 1328 6 1282.7 685.2 672.8 692.3 
Field Soil-20% Moisture-CaCI Field Soil-20% Moisture-Toluene Field Soil-20% Moislure-MeOH 
A B C A B C A B C 
Propachlor 336.0 324.0 322.7 927.8 761.0 839.9 252.7 297.4 287.9 
Propazlne 584.7 597.8 578.8 1884.8 1843.9 1787.4 669.4 633.8 646.2 
Atrazlne 17.3 16.1 17.6 68.6 77.9 69.2 349.2 381.3 327.3 
Acetochlor ND ND ND 40.8 47.2 45.4 908.2 1019.3 1034.9 
Alachlor 658.6 656.1 654.1 3516.7 3449.5 3349.0 1880.2 2016.4 2029.9 
Metolachlor 15.6 25.2 17 8 188.9 245.4 210.5 517.7 569.5 521.1 
Metribuzin 1139.0 1164.3 1116.2 1380.9 1393 2 1308.2 701.7 652.8 714.9 
Table 25. Moisture Soil Series Normalized Pesticide Residues in Nanograms for the Twenty Day Time Period 
Field Soil-30% Moisture-CaCI 
A B C  
Field Soil-30% Moisture-Toluene 
A B C  
Field Soil-30% Moisture-MeOH 
A B C  
Propachlor 92.0 127.1 98.1 225.3 326.1 251.0 146.9 191.4 149.3 
Propazlne 437.1 471.6 433.3 1265.3 1266.5 1236.3 614.1 588.8 602.1 
Atrazlne 18 20.8 20.8 66.3 63.5 61.1 321.2 355.5 395.8 
Acetochlor 5.9 4.0 4.5 56.7 74.1 68.4 918.6 966.1 986.0 
Alachlor 556.2 696.1 557.0 2687.3 2613.8 2635.8 2482.3 2504.6 2621.6 
Metolachlor 19.2 24.2 26.2 196.1 179.9 179.9 675.8 730.5 689.6 
Metribuzin 1052.3 1097.7 1045.0 1217.7 1174.7 1165.7 811.4 782.5 785.8 
Field Soil-20% Moisture -CaCI Field Soil-20% Moisture-Toluene Field Soil-20% Moisture-MeOH 
A B C A B C A B C 
Propachlor 172.6 145.8 167.9 364.2 354.1 388.8 210.9 226,0 216.1 
Propazlne 449.5 423.6 448.8 1323 4 1264.3 1321.5 735.9 662.3 720.1 
Atrazlne 23.5 19.8 19.0 79.7 80.4 74.1 699.2 499.3 471.6 
Acetochlor 5.1 6.2 5.6 878 78.9 76.2 1186.0 1055.1 1108.3 
Alachlor 580.3 569.3 5824 2571.6 2543.4 2658.2 2582.3 2440.0 2538.5 
Metolachlor 23.6 21.4 21.2 241.4 240.7 216.1 875.1 786.0 811.4 
Metribuzin 1005.2 939.0 1018.5 1171.7 1142.3 1170.4 826.1 845.8 859.2 
Table 26, Moisture Soil Series Normalized Pesticide Residues in Nanograms for the Thirty Five Day Time Period 
Field Soil-30% Moisture-CaCI Field Soil-30% Moisture-Toluene Field Soil-30% Moisture-MeOH 
A B C A B C A B C 
Propachlor 97.6 57.4 85.3 242.2 176.5 216.9 165.3 157.2 158.1 
Propazlne 363.6 363.9 391.6 1027.5 1079.8 1059.8 521.8 582.8 543.0 
Atrazlne 130 12.6 17.1 120.3 117.2 120.2 544.9 603.2 531.1 
Acetochlor ND ND ND 52.6 72.1 55.4 467.9 449.0 459.0 
Alachlor 622.4 580,3 624.8 2780.2 2886.8 2905.4 2222.8 2485.2 2473.9 
Metolachlor ND ND ND 214.8 218.9 210.6 525.6 554.3 545.7 
Metribuzin 1038.0 1000.4 1064.4 1153.7 1196.3 1174.3 723.9 809.4 774.8 
Field Soil-20% Moisture-CaCI Field Soil-20% Moisture-Toluene Field Soil-20% Moisture-MeOH 
A B C A B C A B C 
Propachlor 5.3 6.9 7.7 17.7 25.0 35.7 112.8 121.9 129.9 
Propazlne 294.3 302.9 294 1 1142.0 1181.6 1141.2 589.7 695,5 6198 
Atrazlne 7.8 9.9 9.8 94.9 88.8 101.5 552.9 523.7 476.3 
Acetochlor ND ND ND 45.5 44.2 42.7 393.8 370.7 321.7 
Alachlor 362.7 310.8 3884 2136 9 2172.8 2474.5 1964.7 2285.8 2205.2 
Metolachlor ND ND ND 209 1 183.3 198.1 576.7 589.4 538.2 
Metribuzin 601.1 558.0 721 7 8982 878 8 1032.7 777.0 860.4 835.7 
Table 27. Moisture Soil Series Nomialized Pesticide Residues in Nanograms for the Sixty Day Time Period 
Field Soil-30% Moisture-CaCI 
A B C  
Field Soil-30% Moisture-Toluene 
A B C  
Field Soil-30% Moisture-MeOH 
A B C  
Propachlor 85.1 ND 93.4 181.8 0.0 265.7 233.3 58.4 133.5 
Propazlne 251.4 246.6 227.6 667.3 859.7 703.5 353.7 317.8 343.0 
Atrazlne 48.9 44.6 32.6 151.4 139.4 156.6 281.4 245.1 318.9 
Acetochlor ND ND ND 81.2 37.3 74.8 162.4 121.3 132.8 
Alachlor 546.6 422.3 463.8 2179.3 1581.6 2175.1 1684.5 1615.3 1642.7 
Metolachlor ND ND ND 200.7 157.4 192.6 399.5 467.9 461.5 
Metribuzin 1044.4 935.3 993.4 1103.4 900.8 1119.6 684.4 713.4 673.7 
Field Soil-20% Moisture-CaCI Field Soil 20% Moisture-Toluene Field Soil-20% Moisture-MeOH 
A B C A B C A B C 
Propachlor ND ND ND ND ND ND 62.4 71.7 72.9 
Propazlne 202.1 226.1 238.7 775.2 600.8 823.6 445.8 393.6 475.6 
Atrazlne 30 7 36.3 33.9 146.7 154 7 148.9 334.6 274.2 298.9 
Acetochlor 8.6 10.8 8.0 387 58.9 47.7 147.8 103.8 146.5 
Alachlor 208.2 254.9 234 8 1220.9 16187 1458.8 1467.6 1445.1 1583.1 
Metolachlor 23.5 12.3 164 172 1 158 1 166.9 478.8 591.5 416.5 
Metribuzin 453.4 658.0 632.8 6206 875.6 775.3 635.4 719.0 720.9 
Table 28. Dark vs Light High Concentration Soil Series Normalized Pesticide Residues in Nanograms for the Zero and Five Day Time Period 
Zero Day Field Soil-Biocide-CaCI Field Soil-Biocide-Toluene Field Soil-Biocide-MeOH 
A B C A B C A B C 
Propachlor 7736.6 7870.9 7773.6 12465.6 13253.4 13115.7 603.4 530.2 607.6 
Propazlne 7412.2 7321.9 7003.0 14606.6 15095.0 15092.5 1121.9 1102.5 1204.0 
Atrazlne 39.1 50.8 43.0 179.2 203.0 165.6 441.4 442.9 386.5 
Acetochlor ND ND ND ND ND ND 150.4 96.0 138.1 
Alachlor 5174.0 5175.4 4822.7 16755.1 17369.0 17408.2 1459.2 1261.1 1177.2 
Metolachlor ND ND ND ND ND ND ND ND ND 
Metribuzin 13061.2 13202.8 12932.5 10741.8 11542.7 10912.3 2351.6 2180.0 2438.2 
Light 5 Days Field Soil-Biocide-CaCI Field Soil-Biocide-Toluene Field Soil-Biocide-MeOH 
A B C A B C A B C 
Propachlor 3864.6 3724.4 3867.7 8274.9 8492.6 8231.1 2032.9 1995.6 1988.5 
Propazlne 4483.0 4407.8 4512.1 11955.3 12292.8 12148.5 3174.3 3264.0 3208.6 
Atrazlne 26.8 29.4 29.6 73.0 77.3 70.2 385.1 428.1 445.4 
Acetochlor ND ND ND 296 39.1 43.5 952 1 992.3 1064.4 
Alachlor 3053.7 3049.9 3106.5 13416.8 13802.0 13919.2 4664.0 4754.7 4631.2 
Metolachlor 31.5 25.7 56.3 231.7 248.6 253.9 605.6 662.3 637.9 
Metribuzin 9980.5 10240.5 10103.6 10273.9 10597.1 10389.9 4577.7 4592.6 4490.4 
Dark 5 Days Field Soil-Biocide-CaCI Field Soil-Biocide-Toluene 
A B C A B C A B 
Propachlor 4054.3 4027.2 4204.9 8459 1 8093 0 8490.7 1634 2 1608.7 
Propazlne 4630.6 4733.9 4748.4 12379 8 120175 12216.2 2811.4 2769.5 
Atrazlne 56.9 59.0 58.4 144 1 147.4 144.7 519.6 560.7 
Acetochlor ND ND ND 38 2 344 32.4 441.6 419.5 
Alachlor 3211.1 3316.4 3380.5 142296 133793 14034.1 4217.5 4290.9 
Metolachlor 254 35 3 30.6 245 7 222 5 264.2 500.2 503.7 
Metribuzin 10309 9 10204.9 10365.3 104113 10497 3 10160.5 3869.6 3833.7 
Field Soil-Biocide-MeOH 
C 
1705.1 
2847.2 
539.3 
375.5 
3965.5 
510.4 
4091.4 
Table 29. Dark vs Light High Concentration Soil Series Normalized Pesticide Residues in Nanograms for the Ten Day Time Period 
Light 10 Day Field Soil-Biocide-CaCI Field Soil-Biocide-Toluene Field Soil-Biocide-MeOH 
A B C A B C A B C 
Propachlor 3053.4 3202.2 2940.9 6494.4 6676.9 6319.0 1637.9 1713.7 1683.5 
Propazlne 4146.6 4222.2 3924.6 11055.2 10832.0 10663.8 2829.7 3101.2 3129.0 
Atrazlne 23.7 25.9 21.8 68.8 72.9 71.9 414.5 492.0 418.9 
Acetochlor ND ND ND 46.7 36.3 48.1 1118.5 1182.9 1081.9 
Alachlor 2940.5 3037.6 2739.1 13070.4 13124.7 12778.0 4242.9 4601.7 4676.7 
Metolachlor 30.5 41.9 26.9 235.5 213.4 222.9 533.9 533.4 504.1 
Metribuzin 10021.8 10293.0 9739.9 10569.9 9969.7 9989.0 4185.6 4440.6 4609.3 
Dark 10 Day Field Soil-Biocide-CaCI Field Soil-Biocide-Toluene Field Soil-Biocide-MeOH 
A B C A B C A B C 
Propachlor 3948.7 3177.1 3687.2 6625.6 7402.2 7327.9 1368.5 1472.7 1399.6 
Propazlne 4788.7 4159.1 4495.2 11042.6 10975.9 11028.6 2535.9 2406.7 2376.5 
Atrazlne 22.4 23.1 27 7 92.7 99.5 108.2 541.9 528.4 527.8 
Acetochlor ND ND ND 49.9 633.0 51.5 271.9 214.7 230.2 
Alachlor 3639.1 3222.2 3413.5 13386.7 13216 8 13221.0 3390.4 3244.7 3088.7 
Metolachlor 24.3 33.6 25.2 2006 210.8 209.4 525.9 580.8 584.5 
Metribuzin 11142.7 10014.4 10696.6 9974.3 9958.1 9922.2 3817.7 3819.4 3863.6 
Table 30, Dark vs Light High Concentration Soil Series Normalized Pesticide Residues in Nanograms for the Twenty Day Time Period 
Light 20 Day Field Soil-Biocide-CaCI Field Soil-Biocide-Toluene Field Soil-Biocide-MeOH 
A B C A B C A B C 
Propachlor 2229.0 2228.3 2220.0 4240.0 4665.6 4517.9 1617.6 1935.8 1821.2 
Propazlne 3461.1 3354.8 3283.4 8212.6 8666.3 8139.0 3080.8 3481.1 3225.0 
Atrazlne 23.8 19.2 24.8 40.8 46.2 47.9 414.0 402.6 382.2 
Acetochlor ND ND ND 37.9 44.5 39.1 788.9 957.6 918.8 
Alachlor 31650 2956.3 2927.0 11249.6 11708.8 11121.4 5703.0 6013.1 5668.5 
Metolachlor 39.2 35.2 28.8 162.0 169.9 170.3 493.3 549.5 480.8 
Metribuzin 9783 8 9725.1 9557.0 8980.0 9501.7 9054.8 5436.6 6145.8 5701.0 
Dark 20 Day Field Soil-Biocide-CaCI Field Soil-Biocide-Toluene Field Soil-Biocide-MeOH 
A B C A B C A B C 
Propachlor 2830.9 2620.9 2700.9 5453.6 5228.8 5089.3 1157.3 1283.5 1145.7 
Propazlne 3775.5 3952.2 4071.4 9593.4 9189 3 9184.4 2084.3 2035.6 2087.7 
Atrazlne 48.0 51.0 56.6 174.8 176.2 177.9 364.9 339.7 347.5 
Acetochlor 15.0 11,1 12.8 50.3 60.8 70.0 239.4 228.3 226.1 
Alachlor 2751.6 3070.1 3238 7 12934.9 12443.3 12310.0 3139.2 3072.2 3053.8 
Metolachlor 45.3 48.9 57.3 229.5 250.1 245.2 537.1 563.7 532.2 
Metribuzin 9729.4 9414.4 10234.6 9676 5 8893 1 9205.5 3823.9 3478.1 3703.7 
Table 31. Dark vs Light High Concentration Soil Series Normalized Pesticide Residues in Nanograms for the Five Day Time Period 
Light 5 Days Field Soil-No Biocide-CaCI Field Soil-No Biocide-Toluene Field Soil-No Biocide-MeOH 
A B C A B C A B C 
Propachlor 15.3 41.3 34.1 132.9 174.6 223.1 246.6 416.3 296.2 
Propazlne 3891.0 3873.3 41067 12004.1 11539.9 12412.5 3412.5 3280.9 3641.4 
Atrazlne 20.2 18.2 21 2 74.5 66.0 70.0 408.1 576.9 439.1 
Acetochlor ND ND ND 32.5 26.4 31.4 1041.6 1052.2 1108.8 
Alachlor 1171.9 1179.7 1308 7 6774.5 6469.8 7036.1 3318.7 3283.3 3600.5 
Metolachlor 26.7 10.1 10.1 202.9 183.6 193.3 592.2 650.1 658.2 
Metribuzin 7682.6 7466.7 7982.5 8724.6 8353.0 8984.4 4439.4 4256.3 4698.8 
Dark 5 Days Field Soil-No Biocide -CaCI Field Soil-No Biocide-Toluene Field Soil-No Biocide-MeOH 
A B C A B C A B C 
Propachlor 116.2 49.0 102.1 396.7 233.4 340.8 337.9 292.5 325.4 
Propazlne 4629.9 4356.6 4717.2 13883.5 13336.2 13623.9 3264.5 3362.6 3564.6 
Atrazlne 54.9 51.7 51.9 161.1 161.8 139.3 533.1 542.0 539.1 
Acetochlor ND ND ND 33.6 26.1 30.6 375.5 341.2 352.8 
Alachlor 1659.3 1495.8 1633 7 8974 9 8041.6 8433.4 3393.2 3489.3 3687.0 
Metolachlor 28.5 0.0 19.1 247.3 191.4 209.2 490.2 491.4 487.6 
Metribuzin 8895.2 8531 3 90856 10240 8 9981 3 9873.5 4270.3 4416.3 4506.0 
Table 32. Dark vs Light High Concentration Soil Series Normalized Pesticide Residues in Nanograms for the Ten Day Time Period 
Light 10 Day Field Soil-No Biocide-CaCI Field Soil-No Biocide-Toluene Field Soil-No Biocide-MeOH 
A B C A B C A B C 
Propachlor ND ND ND 55.5 35.8 48.2 166.0 661.6 691.6 
Propazlne 3731.9 3519.1 3588.3 11221.1 11305.1 11711.9 3650.0 3761.0 3504.0 
Atrazlne 19.4 17.6 19.7 69.7 76.7 88.5 573.2 562.1 546.6 
Acetochlor ND ND ND 257 29.7 29.0 1209.4 1240.7 1306.5 
Alachlor 631.7 390.0 430.7 3728.1 2790.2 2840.3 2762.2 2583.0 2550.3 
Metolachlor 16.8 19.4 16.5 187.9 1857 173.7 537.2 576.4 829.2 
Metribuzin 5893.6 4852.1 4915.3 7022.4 6189.0 6483.4 3979.0 3651.9 3759.2 
Dark 10 Day Field Soil-No Biocide-CaCI Field Soil-No Biocide-Toluenc Field Soil-No Biocide-MeOH 
A B C A B C A B C 
Propachlor 0.0 0.0 0.0 98 9 98.1 111.8 160.9 145.3 156.4 
Propazlne 3732.9 3603.0 3829.9 12262 2 11893.5 12077.9 2786.8 2609.1 2735.4 
Atrazlne 22.9 21 9 18.6 110.4 1272 110.4 550.0 583.0 529.0 
Acetochlor ND ND ND 39.0 48 0 290 221.7 211.2 203.4 
Alachlor 450.5 573.2 616.7 3338.4 4143.3 3846 2 1881.3 1933.0 1974.1 
Metolachlor ND ND ND 176 2 192 2 151.5 526.0 533.5 499.0 
Metribuzin 4910.7 5029.9 5309 5 6501 7 67284 6864.8 3411.6 3377.6 3404.9 
Table 33. Dark vs Light High Concentration Soil Series Normalized Pesticide Residues in Nanograms for the Twenty Day Time Period 
Light 20 Day Field Soil-No Biocide-CaCI Field Soil-No Biocide-Toluene Field Soil-No Biocide-MeOH 
A B C A B C A B C 
Propachlor ND ND ND ND ND ND 129.0 77.7 119.6 
Propazlne 2534.7 2465.9 2511 8 8312.4 8005.1 7883.4 4402.5 4398.6 4160.8 
Atrazlne 14.1 13.4 15.4 53.5 44 2 39.5 430.7 377.4 344.5 
Acetochlor ND ND ND 18.9 19.6 17.3 1107.1 954.8 889.5 
Alachlor 72.5 118.9 147.1 821.3 1127.0 1254.7 2470.8 2687.7 2585.1 
Metolachlor 11.8 12.4 17.5 74.4 105.5 77.9 585.6 555.6 451.9 
Metribuzin 936.2 14391 1880.8 1466.6 2079.9 2465.9 3186.4 3396.9 3494.6 
Dark 20 Day Field Soil-No Biocide-CaCI Field Soil-No Biocide-Toluene Field Soil-No Biocide-MeOH 
A B C A B C A B C 
Propachlor ND ND ND 44.4 42 5 49.2 73.2 83.5 104.4 
Propazlne 378.6 394.8 4296 9324.1 97654 9706.6 2507.1 2584.0 2853.3 
Atrazlne 41,3 40.4 400 174.6 1788 1739 380.5 384.0 414.8 
Acetochlor ND ND ND 49 2 32 3 25.0 227.8 194.1 219.4 
Alachlor 34.8 40.8 41.5 1101.4 1234.5 1176.0 1341.4 1495.4 1582.8 
Metolachlor ND ND ND 1582 150.3 158.7 505.9 464.8 499.6 
Metribuzin 122.1 124.2 133.9 1903 2 2363 1 2281 8 1799.6 2073.2 2229.5 
Table 34. Dark vs Light Low Concentration Soil Series Normalized Pesticide Residues in Nanograms for the Zero and Five Day Time Peril 
Field Soil-Biocide-CaCI Field Soil-Biocide-Toluene Field Soil-Biocide-MeOH 
A B C A B C A B C 
Propachlor 1030.2 1044.8 10238 1838.4 1799.2 1748.9 171.7 173.4 176.1 
Propazlne 990.8 988.7 983.3 2389.3 2374.8 2356.7 329.5 344.0 326.6 
Atrazlne 16.7 16.9 18.0 55.2 65.2 64.8 445.9 447.9 487.7 
Acetochlor ND ND ND 29.6 33.2 32.6 859.9 856.1 958.5 
Alachlor 970.4 1006.7 968.0 4275.0 4335.9 4374.0 1464.1 1335.2 1332.2 
Metolachlor 35.9 36.5 38.2 257.6 294.9 270.4 589.2 638.1 628.8 
Metribuzin 1507.5 1510.7 14824 1411.2 1424.8 1431.0 327.5 333.1 332.2 
Light 5 Days Field Soil-Biocide-CaCI Field Soil-Biocide- Toluene Field Soil-Biocide-MeOH 
A B C A B C A B C 
Propachlor 380.3 391.7 413.2 9182 928 6 933.2 305.2 276.4 310.2 
Propazlne 681.6 706.2 721 5 1987.5 1984.2 1980.8 665.4 644.8 698.7 
Atrazlne 21.7 21.0 190 88 8 82 5 85.9 402.8 462.4 390.1 
Acetochlor ND ND ND 653 43.6 72.3 1052.5 1000.5 1052.3 
Alachlor 707.8 705.0 7573 3611.8 3867.4 3878.8 2202.4 1994.3 2143.2 
Metolachlor ND ND ND 221.3 239.7 232.4 737.1 691.3 662.5 
Metribuzin 1211.7 1239.4 1238.8 1364.9 1437 7 1340.0 676.2 658.3 702.6 
Dark 5 Days Field Soil-No Biocide-CaCI Field Soil-No Biocide-Toluene Field Soil-No Biocide-MeOH 
A B C A B C A B C 
Propachlor 466.9 441.5 466.9 1181.1 1177 8 1217.0 314.9 276.6 307.4 
Propazlne 656.9 733.1 683.1 2013.3 2034.7 2022.3 632.3 568.4 600.6 
Atrazlne 38.2 41.7 37.5 146.1 136.6 135 9 560.8 520.7 576.9 
Acetochlor ND ND ND 51 4 52.5 48.6 439.8 393.1 474.5 
Alachlor 696.9 780.4 7658 3617 7 3609.8 3643.2 2001.6 1925.4 2004.7 
Metolachlor ND ND ND 277.7 278.0 2932 607.8 518.4 589.7 
Metribuzin 1136.1 1224.0 1144.7 1372 6 1396.3 1394 7 617.3 549.5 594.8 
Table 35. Dark vs Light Low Concentration Soil Series Normalized Pesticide Residues in Nanograms for the Ten Day Time Period 
Light 10 Day Field Soil-Biocide-CaCI 
A B C  
Field Soil-Biocide-Toluene 
A B C  
Field Soil-Biocide-MeOH 
A B C  
Propachlor 270.7 288.4 286.6 661 9 637.3 676.8 788.0 630.6 720.5 
Propazlne 598.8 636.9 620.1 1724.7 1735.0 1735.6 685.0 679.9 670.4 
Atrazlne 18.0 17.4 174 73.4 77.3 70.7 415.1 674.3 439.5 
Acetochlor ND ND ND 40.6 376 49.2 1109.6 1083.3 1208.1 
Alachlor 657.6 696.7 720.8 3255.4 3277.8 3239.7 2145.4 2109.9 2164.8 
Metolachlor 20.1 28.1 34.8 254.1 237.9 255.5 621.6 607.5 634.8 
Metribuzin 1195.7 1249.7 1142.7 1308.3 1328 6 1282.7 685.2 672.8 692.3 
Dark 10 Day Field Soil-Biocide CaCI Field Soil-Biocide -Toluene Field Soil-Biocide -MeOH 
A B C A B C A B C 
Propachlor 387.0 401.0 342.3 823.1 868 9 739.5 214.7 208.2 255.5 
Propazlne 653.1 642.9 615.2 1728.4 1728.7 1635.6 495.2 482.6 601.7 
Atrazlne 32.1 35.3 35.2 110.4 110.8 96.5 514.9 552.1 486.5 
Acetochlor ND ND ND 61.9 51.7 476 257.4 231.2 231.5 
Alachlor 785.4 730.9 701.7 3639.4 3487.6 3519.2 1461.0 1346.8 1283.3 
Metolachlor 45.8 31.1 19.5 214.7 217.1 227.9 492.5 468.9 473.6 
Metribuzin 1109.0 1202.2 11556 1221.5 1245.5 1199.3 519.5 534.1 627.5 
Table 36. Dark vs Light Low Concentration Soil Series Normalized Pesticide Residues in Nanograms for the Twenty Day Time Period 
Light 10 Day Field Soil-Biocide-CaCI 
A B C  
Field Soil-Biocide-Toluene 
A B C  
Field Soil-Biocide-MeOH 
A B C  
Propachlor 92.0 127.1 98.1 225.3 326.1 251.0 146.9 191.4 149.3 
Propazlne 437.1 471.6 433.3 1265.3 1266.5 1236.3 614.1 588.8 602.1 
Atrazlne 18 20.8 20.8 66.3 63.5 61.1 321.2 355.5 395.8 
Acetochlor 5.9 4.0 4.5 56.7 74.1 68.4 918.6 966.1 986.0 
Alachlor 556.2 696.1 557.0 2687.3 2613.8 2635.8 2482.3 2504.6 2621.6 
Metolachlor 19.2 24.2 26.2 196.1 179.9 179.9 675.8 730.5 689.6 
Metribuzin 1052.3 1097.7 1045.0 1217.7 1174.7 1165.7 811.4 782.5 785.8 
Dark 10 Day Field Soil-Biocide -CaCI Field Soil-Biocide Toluene 
A B C A B C 
Propachlor 267.2 314.2 247.0 575.1 625.4 603.5 
Propazlne 561.3 598 1 528.6 1444.8 1449.4 1477.2 
Atrazlne 60.7 65.3 60.0 190.1 197.8 193.9 
Acetochlor ND ND ND 66 3 60.2 74.9 
Alachlor 723.2 753.3 647.5 33638 3244.9 3428.9 
Metolachlor 41.5 40.6 45.5 256.7 263.6 286.4 
Metribuzin 1191.4 1239 7 1148.5 1207 6 1209.3 12573 
Field Soil-Biocide-MeOH 
A B C 
150.8 154.1 138.2 
433.7 420.0 419.7 
487.5 483.1 488.2 
227.6 232.7 252.5 
1366.7 1285.6 1350.5 
581.4 555.3 534.5 
574.8 572.1 579.3 
Tabic 37. High Concentration Soil Series Normalized Pesticide Residues in Nanograms for the Zero and Two Day Time Period 
Zero Field Soil-Biocide-CaCI Field Soil-Biocide-Toluene Field Soil-Biocide-MeOH 
A B C A B C A B C 
Propachlor 7736.6 7870.9 7773.6 12465.6 13253.4 13115.7 603.4 530.2 607.6 
Propazin* 7412.2 7321.9 7003.0 14606.6 15095.0 15092.5 1121.9 1102.5 1204.0 
Atrazlne 39.1 50.8 43.0 179.2 203.0 165.6 441.4 442.9 386.5 
Acetochlor ND ND ND ND ND ND 150.4 96.0 138.1 
Alachlor 5174.0 5175.4 4822.7 16755.1 17369.0 17408.2 1459.2 1261.1 1177.2 
Metolachlor ND ND ND ND ND ND ND ND ND 
Metribuzin 13061.2 13202.8 12932.5 10741 8 11542.7 10912.3 2351.6 2180.0 2438.2 
2 Day Field Soil-Biocide-CaCI Field Soil-Biocide-Toluene Field Soil-Biocide-MeOH 
A B C A B C A B C 
Propachlor 5315.0 5306.4 5184.0 10767.3 10695.4 10710.0 1518.9 1562.3 1460.0 
Propazlne 5587.6 5410.5 5424 2 14038.1 13760.6 13646.7 2707.2 2690.0 2557.6 
Atrazlne 41.5 46.6 299 169.4 191.1 192.0 425.9 416.5 390.7 
Acetochlor ND ND ND ND ND ND 164.5 142.7 132.3 
Alachlor 3692.8 3527.8 3577.8 15795.2 15232.5 15292.7 3117.0 3122.2 2830.8 
Metolachlor ND ND ND ND ND ND ND ND ND 
Metribuzin 11212.2 11025.5 11101.8 11438.3 11298.8 111254 3811.5 3962.0 3908.8 
Table 38. High Concentration Soil Series Normalized Pesticide Residues in Nanograms for the Five Day Time Period 
Field Soil-Biocide-CaCI 
A B C  
Field Soil-Biocide-Toluene 
A B C  
Field Soil-Biocide-MeOH 
A B C  
Propachlor 3864.6 3724.4 3867.7 8274.9 8492.6 8231.1 2032.9 1995.6 1988.5 
Propamine 4483.0 4407.8 4512.1 11955.3 12292.8 12148.5 3174.3 3264.0 3208.6 
Atrazlne 26.8 29.4 29.6 73.0 77.3 70.2 385.1 428.1 445.4 
Acetochlor ND ND ND 29.6 39.1 43.5 952.1 992.3 1064.4 
Alachlor 3053.7 3049.9 3106.5 13416.8 13802.0 13919.2 4664.0 4754.7 4631.2 
Metolachlor 31.5 25.7 56.3 231.7 248.6 253.9 605.6 662.3 637.9 
Metribuzin 9980.5 10240.5 10103.6 10273 9 10597.1 10389.9 4577.7 4592.6 4490.4 
Field Soil-No Biocide-CaCI Field Soil-No Biocide-Toluene Field Soil-No Biocide-MeOH 
A B C A B C A B C 
Propachlor 15.3 41.3 34.1 132.9 174.6 223.1 246.6 416.3 296.2 
Propazine 3891.0 3873.3 4106.7 12004.1 11539.9 12412.5 3412.5 3280.9 3641.4 
Atrazlne 20.2 18.2 21.2 74.5 66.0 70.0 408.1 576.9 439.1 
Acetochlor 0.0 0.0 0.0 32.5 26.4 31.4 1041.6 1052.2 1108.8 
Alachlor 1171.9 1179.7 1308.7 6774 5 6469 8 7036.1 3318.7 3283 3 3600.5 
Metolachlor 26.7 10.1 10.1 202.9 183.6 193.3 592.2 650.1 658.2 
Metribuzin 7682.6 7466.7 7982.5 87246 8353.0 8984.4 4439.4 4256.3 4698.8 
Table 39. High Concentration Soil Series Normalized Pesticide Residues in Nanograms for the Ten Day Time Period 
Field Soil-Biocide-CaCI Field Soil-Biocide-Toluene Field Soil-Biocide-MeOH 
A B C A B C A B C 
Propachlor 3053.4 3202.2 2940.9 6494.4 6676.9 63190 1637.9 1713.7 1683.5 
Propazlne 4146.6 4222.2 3924.6 11055.2 10832.0 10663.8 2829.7 3101.2 3129.0 
Atrazlne 23.7 25.9 21.8 68.8 72.9 71.9 414.5 492.0 418.9 
Acetochlor ND ND ND 46.7 36.3 48.1 1118.5 1182.9 1081.9 
Alachlor 2940.5 3037.6 2739.1 13070.4 13124.7 12778.0 4242.9 4601.7 4676.7 
Metolachlor 30.5 41.9 28.9 235 5 213.4 222 9 533.9 533.4 504.1 
Metribuzin 10021.8 10293.0 9739.9 10569.9 9969.7 9989.0 4185.6 4440.6 4609.3 
Field Soil-No Biocide-CaCI Field Soil-No Biocide-Toluene Field Soil-No Biocide-MeOH 
A B C A B C A B C 
Propachlor ND ND ND 55.5 35.8 48.2 166.0 661.6 691.6 
Propazlne 3731.9 3519.1 3588 3 11221.1 11305.1 11711.9 3650.0 3761.0 3504.0 
Atrazlne 19.4 17.6 19.7 69.7 767 88.5 573.2 562.1 546.6 
Acetochlor ND ND ND 25.7 29 7 29.0 1209.4 1240.7 1306.5 
Alachlor 631.7 390.0 430.7 3728 1 27902 2840 3 2762.2 2583.0 2550.3 
Metolachlor 16.8 19.4 16.5 187.9 185 7 173.7 537.2 576.4 829.2 
Metribuzin 5893.6 4852.1 4915.3 7022.4 6189.0 64834 3979.0 3651.9 3759.2 
Table 40. High Concentration Soil Series Normalized Pesticide Residues in Nanograms for the Twenty Day Time Period 
Field Soil-Biocide-CaC'1 Field Soil-Biocide-Toluene Field Soil-Biocide-MeOH 
A B C A B C A B C 
Propachlor 2229.0 2228.3 2220.0 4240.0 4665.6 4517.9 1617.6 1935.8 1821.2 
Propazlne 3461.1 3354.8 3283.4 8212.6 8666.3 8139.0 3080.8 3481.1 3225.0 
Atrazlne 23.8 19.2 24.8 40.8 46.2 47.9 414.0 402.6 382.2 
Acetochlor ND ND ND 37.9 44.5 39.1 788.9 957.6 918.8 
Alachlor 3165.0 2956.3 2927.0 11249.6 11708.8 11121.4 5703.0 6013.1 5668.5 
Metolachlor 39.2 35.2 28.8 162.0 169.9 170.3 493.3 549.5 480.8 
Metribuzin 9783.8 9725.1 9557.0 89800 9501.7 9054.8 5436.6 6145.8 5701.0 
Field Soil-No Biocide-CaCI Field Soil-No Biocide-Toluene Field Soil-No Biocide-MeOH 
A B C A B C A B C 
Propachlor ND ND ND ND ND ND 129.0 77.7 119.6 
Propazlne 2534 7 2465.9 2511.8 8312.4 8005.1 7883.4 4402.5 4398.6 4160.8 
Atrazlne 14.1 13.4 15.4 53.5 44.2 39.5 430.7 377.4 344.5 
Acetochlor ND ND ND 18.9 19.6 17.3 1107.1 954.8 889.5 
Alachlor 72 5 118.9 147.1 821.3 1127.0 1254.7 2470.8 2687.7 2585.1 
Metolachlor 118  12.4 17.5 74.4 105.5 77.9 585.6 555.6 451.9 
Metribuzin 936.2 1439.1 1880.8 1466.6 20799 2465.9 3186.4 3396.9 3494.6 
Table 41. High Concentration Soil Series Normalized Pesticide Residues in Nanograms for the Thirty Five Day Time Period 
Field Soil-Biocide-CaCI 
A B C  
Field Soil-Biocide- Toluene 
A B C  
Field Soil-Biocide-MeOH 
A B C  
Propachlor 1761.9 1797.4 1863.3 3533.0 3535.0 3515.7 1402.1 1314.5 1317.4 
Propazlne 2784.7 2863.3 3186.4 7041.5 7111.3 7546.4 2576.2 2678.6 2693.9 
Atrazlne 42.5 41.8 47 9 147.8 133.7 148.4 511.1 724.2 503.7 
Acetochlor 7.4 5.7 8.7 69.3 60.1 52.7 462.4 408.0 403.7 
Alachlor 2854.9 2861.3 3093.4 11540.5 11610.2 12429.8 4618.3 4669.9 4625.6 
Metolachlor 33.1 17.6 27.4 184.0 174.3 196.8 481.5 415.1 461.8 
Metribuzin 9199.7 9563.9 10598.4 9056.7 9069.5 9874.2 5074.1 5077.6 5128.3 
Field Soil-No Biocide-CaCI 
A B C  
Field Soil-No Biocide- Toluene 
A B C  
Field Soil-No Biocide-MeOH 
A B C  
Propachlor ND ND ND ND ND ND 95.0 120.1 81.1 
Propazlne 1134.8 1327.5 1232.1 4618.7 4699.6 4690.0 3484.0 3524.5 3294.6 
Atrazlne 22.8 25.1 23.0 118.2 120.9 115.8 563.6 539.2 586.3 
Acetochlor ND ND ND 13.2 9.4 8.3 350.1 354.4 305.6 
Alachlor 16.0 21.5 185 305.7 331.2 339.4 1961.8 2055.2 1827.3 
Metolachlor 106 106 10.6 58.2 564 61.9 559.8 567.0 524.7 
Metribuzin 191 2 247.4 161.6 397.8 425.2 354.6 1555.2 1660.3 1463.2 
Table 42. High Concentration Soil Series Normalized Pesticide Residues in Nanograms for the Sixty Day Time Period 
Field Soil-Biocide-CaCI Field Soil-Biocide-Toluene Field Soil-Biocide-MeOH 
A B C A B C A B C 
Propachlor 135.4 791.0 637.8 460.0 1672.2 1310.8 793.6 834.9 647.4 
Propazlne 1827.1 2015.4 2045 3 5670.8 5261.3 5371.3 2010.9 2015.0 2129.7 
Atrazlne 43.6 37.7 46 3 157.9 137.4 152.0 339.9 277.6 306.2 
Acetochlor ND 10.0 6.1 41.4 50.0 58.9 154.9 129.9 167.6 
Alachlor 1509.8 21573 2082.8 7525.6 8805.9 8747.2 4051.1 4007.5 3977.9 
Metolachlor 16.1 10.7 19.0 139.5 117.3 135.7 349.1 235.0 277.6 
Metribuzin 8085.8 8992.1 8951.4 9033.1 8493.5 8368.3 4826.8 4864.0 4974.7 
Field Soil-No Biocide-CaCI Field Soil-No Biocide-Toluene Field Soil-No Biocide-MeOH 
A B C A B C A B C 
Propachlor ND ND ND ND ND ND 68.6 62.0 56.8 
Propazlne 425.2 429.4 433.4 2110.7 2078 7 2115.5 1741.1 1515.1 1731.8 
Atrazlne 26.9 24.6 23.8 120.9 1142 118.0 306.6 230.2 326.1 
Acetochlor ND ND ND 12.6 ND 13.3 152.6 110.1 167.3 
Alachlor 9.0 20.6 11.2 300.6 311 1 278.2 1217.0 1201.7 1202.1 
Metolachlor 6.7 9.0 7 0 71.7 74 3 51 8 336.3 342.2 370.3 
Metribuzin 131.1 128.2 124.6 281 4 283 1 260.7 983.5 968.9 912.3 
Table 43, High Concentration Soil Series Normalized Pesticide Residues in Nanograms for the Ninety Day Time Period 
Field Soil-Biocide-CaCI Field Soil-Biocide-Toluene Field Soil-Biocide-MeOH 
A B C A B C A B C 
Propachlor 0.0 0.0 0.0 49.0 32.0 35.4 324.7 380.8 277.9 
Propazlne 1133.3 1214.0 1105.3 4024.7 3913.0 3853.1 1826.5 1866.2 1950.9 
Atrazlne 41.8 44.1 36.3 150.1 143.8 128.6 333.7 319.8 332.2 
Acetochlor 0.0 0.0 0.0 24.4 25.8 14.3 158.1 131.8 168.3 
Alachlor 468.1 449.0 351.6 3097.8 2507.3 2133.3 2993.0 2911.2 2673.9 
Metolachlor 12.5 14.0 14.1 129.4 102.0 1279 382.7 437.5 349.1 
Metribuzin 3597.8 3681.6 3272 7 43892 4202.6 4002.7 3888.3 4037.3 3686.4 
M 
00 
Field Soil-No Biocide-CaCI Field Soil-No Biocide-Toluene Field Soil-No Biocide-MeOH 
A B C A B C A B C 
Propachlor 0.0 0.0 0.0 00 0.0 0.0 31.1 48.5 42.9 
Propazlne 225.5 189.0 203.2 985.9 964.2 973.4 1164.5 1086.1 1123.9 
Atrazlne 22 5 17.7 26.4 105.8 99.2 100.7 308.8 278.7 332.2 
Acetochlor 0.0 0.0 0.0 0.0 0.0 0.0 155.7 188.6 177.8 
Alachlor 4.0 3.9 4.1 208.1 218.3 210.1 1033.6 1134.7 1145.2 
Metolachlor 5.9 6.8 5.1 24.8 294 37.2 382.2 303.6 386.5 
Metribuzin 65 7 47.8 49.8 106.8 101.2 98.4 754.3 706.1 684.1 
Table 44. Irradialed Soil Series Normalized Pesticide Residues in Nanograms for the Zero Day l ime Period 
Field Soil-lrradiated-CaCh FS-lrradiated-Toluene FS-lrradiated-Methanol 
A B C A B C A B C 
Trlfluralin ND ND ND 370.9 346.6 322.9 324.5 308.3 323.3 
Atrazlne 867.7 787.4 691.6 1867.1 1963.0 2009.3 557.9 595.3 625.9 
Alachlor 982.7 954.1 895.2 3726.8 3793.5 3863.4 650.0 592.8 621.2 
Metolachlor 1332.7 1350.2 1247.5 4705.8 4797.3 4863.3 736.8 810.4 794.3 
Chlorpyrifos 9.6 13.0 12.2 620.5 642.9 599.5 915.7 786.5 721.3 
Cyanazlne 460.3 461.5 378.7 1465.1 1558.2 1541.0 631.5 653.3 695.2 
Field Soil-Nonlrradiated-CaCI] FS-Nonlrradiated-Toluene FS-Nonlrradiated-Methanol 
A B C A B C A B C 
Trlfluralin ND ND ND 338.4 333.2 332.5 382.1 249,0 391.3 
Atrazlne 746.9 690.8 778.9 1912.6 2157.1 2132.2 628.7 720.0 725.3 
Alachlor 839.7 904.5 831.6 3595.6 3861.0 3895.3 676.5 772.5 777.3 
Metolachlor 1200.7 1286.3 1214.4 4583.1 4916.1 4967.7 793.7 934.8 791.9 
Chlorpyrifos 13.3 11.7 11.0 560.4 623.3 614.7 936.4 1025.9 1027.0 
Cyanazlne 499.7 410.6 432.2 1354.9 1643.6 1678.9 673.3 763.2 804.9 
Wetland Soil-Irradiated--CaCI2 WS-lrradiated-Toluene WS-lrradiated-Methanol 
A B C A B C A B C 
Trlfluralin ND ND ND 110.4 110.1 106.8 404.9 218.6 230.5 
Atrazlne 335.3 338.9 322.5 2078.5 2071.2 2065,5 823.2 712.1 750.7 
Alachlor 415.6 458.0 467.4 2489 8 2880.7 2651.3 648.2 447.2 471.5 
Metolachlor 695.9 6226 640.8 3653.8 4271 5 3928 3 1076.6 813.1 857.2 
Chlorpyrifos 8.1 8.0 7.8 239.0 214.3 221.0 989.6 1004.9 1059.4 
Cyanazlne 193.4 2334 173.2 1669.4 1625 1 1520.7 1190 9 1055.1 1112.3 
Table 45. Irradiated Soil Series Normalized Field Pesticide Residues in Nanograms for the Two Day Time Period 
Field Soil-Irradiated-Biocide-CaCI2 FS-I rrad iated-Bioc ide-Tol uene FS-I rradiated-B ioc ide- Methanol 
A B C A B C A B C 
Trlfluralin 10.8 9.0 10.1 393.8 431.1 319.4 646.9 829.9 952.6 
Atrazlne 788.8 824.8 692.7 1704.2 1919.6 1685.4 988.6 1106.0 999.4 
Acetochlor ND ND ND 29.7 32.8 44.8 176.1 187.7 169.4 
Alachlor 831.7 911.2 816.2 3312.2 3586.9 3108.8 1298.7 1535.7 1330.5 
Metolachlor 1242.8 1380.4 1187.6 4370.8 4848.2 4127.7 1358.2 1655.1 1371.3 
Chlorpyrifos 10.2 11.9 9.6 5064 562.5 437.4 813.7 1108.6 892.2 
Cyanazlne 452.6 472.4 436.4 749.7 888.1 793.2 1126.9 1408.7 1251.4 
Field Soil-Biocide-CaCI] Field Soil-Biocide-Toluene Field Soil-Biocide-Methanol 
A B C A B C A B C 
Trlfluralin 5.5 4.5 5.3 327.4 476.8 521.2 670.9 797.0 718.8 
Atrazlne 651.8 684.9 622.1 1607.8 1708.5 1832.2 980.4 1021.0 1019.7 
Acetochlor ND ND ND 30.6 35.5 38.3 167.6 188.9 158.7 
Alachlor 693.4 711.7 668.4 2952.6 2999.0 3129.1 1243.3 1267.6 1736,2 
Metolachlor 1039.3 1115.7 1050.5 4072.9 4103.1 4305.9 1406.3 1435.3 1485,8 
Chlorpyrifos 7.5 8.7 8.1 426.8 581.8 609.0 774.9 740.1 715.9 
Cyanazlne 353.5 422.3 340.8 670.6 744.4 886.7 1200.0 1265.8 1302.6 
Field Soil-No Biocide-CaCh FS-No Biocide-Toluene FS-No Biocide-Methanol 
A B C A B C A B C 
Trlfluralin 10.5 6.3 9.0 304.3 327.8 355.8 934.2 723.7 800.7 
Atrazlne 578.0 545.8 592.6 1649.0 1704.9 1737.3 1109.4 1075.6 1072.4 
Acetochlor ND ND ND 488 28.8 38.3 161.9 174.2 162.4 
Alachlor 597.9 500.6 579.4 2510.4 2550.0 2680.2 1325.3 1285.7 1222.0 
Metolachlor 1084 2 882.3 952.7 3889.2 3997 3 41399 1578.6 1470.2 1438.0 
Chlorpyrifos 15.0 9.0 10.0 3934 426.3 468.3 889.6 796.3 864.3 
Cyanazlne 380.1 332.9 323.4 770 5 760.0 759.2 1325.1 1299.4 1354.9 
Table 46, Irradiated Soil Series Normalized Field Pesticide Residues in Nanograms for the Five Day Time Period 
Field Soil-lrradiated-Biocide-CaCh FS-lrradiated-tiiocide-Toluenc FS-lrradiated-Biocide-Methanol 
A B C A B C A B C 
Trlfluralin 4.0 2.3 2.7 309.5 297.6 292.1 762.3 934.1 1036.4 
Atrazlne 790.6 754.1 762.9 16153 1585.5 1519.5 997.3 1010.9 919.2 
Acetochlor ND ND ND 45.7 33.7 47.2 151.6 170.3 138.1 
Alachlor 711.0 649.8 666.4 2898.5 2790.6 2649.3 1297.8 1413.1 1247.2 
Metolachlor 1023.6 930.3 959.6 3767.4 3699.1 3454.8 1418.6 1528.5 1393.9 
Chlorpyrifos 10.1 8.9 10.0 415.0 397.4 385.2 756.2 796.4 769.4 
Cyanazlne 720.1 662.7 689.1 837.4 800.3 785.3 1093.7 1179.1 1133.2 
Field Soil-Biocide-CaCI] Field Soil-Biocide-Toluene Field Soil-Biocide-Methanol 
A B C  A B C  A B C  
Trlfluralin 1.6 2.5 6.1 291.8 350.0 406.8 806.0 890.6 893.6 
Atrazlne 655.3 605.8 637.0 1566 4 1537.3 1525.9 902.5 938.2 894.4 
Acetochlor 0.0 0.0 0.0 464 33.7 34.1 135.6 143.8 134.9 
Alachlor 521.8 509.2 546.7 25934 2562.8 2564.7 1255.9 1173.8 1173.6 
Metolachlor 854.2 794.8 887.6 3641 7 36296 3620.3 1405.3 1383.7 1360.0 
Chlorpyrifos 6.3 8.3 9.3 387.6 441.5 500.8 783.3 776.5 792.0 
Cyanazlne 576,9 533.2 590.5 754.1 761.8 798.3 997.5 1147.0 1117.2 
Field Soil-No Biocide-CaCb FS-No Biocide-Toluene FS-No Biocide-Methanol 
A B C A B C A B C 
Trlfluralin 2.9 1.4 1.9 297.1 332.0 297.9 744.0 578.6 559.2 
Atrazlne 598.0 539.0 487.8 1531.5 1504.3 1544.9 1201.7 1166.7 1122.9 
Acetochlor ND ND ND 26.0 51 9 25 1 153.2 157.6 128.2 
Alachlor 398.3 317.2 3002 19586 1706.2 1689.1 1466.3 1415.6 1333.7 
Metolachlor 799.6 7150 666 7 3477.3 3349.5 3321.5 1909.4 1762.2 1651.2 
Chlorpyrifos 7.5 5.3 65 370 3 437.2 385.5 952.4 786.8 802.6 
Cyanazlne 543.0 494.6 420 9 743 9 740 3 726 8 1414 8 1309.9 1289.5 
Table 47. Irradiated Soil Series Normalized Wetland Pesticide Residues in Nanograms for the Five Day Time Period 
Wetland Soil-lrradiuted-Biocide-CaCI] WS-lrradiated-Biocide-Toluene WS-lrradiated-Biocide-Methanol 
A B C A B C A B C 
Trlfluralin ND ND ND 333.4 192.3 189.9 471.4 407.9 516.5 
Atrazlne 345.9 363.0 364.0 1550.9 1441.9 1368.1 1039.1 1046.8 1112.4 
Alachlor 342.4 386.5 354.1 2476.6 2171.8 2093.7 655.6 745.0 675.6 
Metolachlor 538.4 589.1 545.2 3663 3 3266.0 3156.6 1248.9 1378.9 1346.2 
Chlorpyrifos 6.6 8.0 9.2 411.7 260.3 254.2 729.2 776.6 732.2 
Cyanazlne 309.0 326.2 327.2 606.1 551.5 525.9 1474.6 1369.7 1548.6 
Wetland Soil-Biocide-CaCh Wetland Soil-Biocide-Toluene Wetland Soil-Biocide-Methanol 
A B C A B C A B C 
Trlfluralin ND ND ND 209.3 208.8 207.8 515.3 615.1 513.5 
Atrazlne 333.3 314.5 280.8 1387.9 1451.9 1460.2 1088.1 1212.4 1194.7 
Alachlor 313.4 295.9 277.7 2130.6 2144.4 2120.8 767.3 786.8 805.3 
Metolachlor 486.9 501.8 470.1 3253.7 3292 5 3360.8 1416.9 1520,7 1530.2 
Chlorpyrifos 6.9 7.5 64 260.8 278.2 285.3 840.4 930.4 852.4 
Cyanazlne 295.4 289.7 261.4 519.0 568.2 591.3 1385.4 1597.0 1537.2 
Wetland Soil-No Biocide-CaCh WS-No Biocide- Toluene WS-No Biocide-Methanol 
A B C A B C A B C 
Trlfluralin ND ND ND 214.6 226.9 219.1 481.8 424.3 429.4 
Atrazlne 241.3 235.6 244.3 1352.4 1510.0 1417.4 1135.6 1078.4 1058.9 
Alachlor 201.4 235.2 216 3 1933.2 2259.0 1974.3 707.0 707.6 686.0 
Metolachlor 413.5 4058 3936 3258 3 3584.2 3290.9 1443.8 1352.4 1454.7 
Chlorpyrifos 7.1 58 62 270.8 297.2 278.6 768.2 7934 761.0 
Cyanazlne 265 1 244.5 2356 499.3 583.7 563.9 1460.5 1417.2 1340.0 
Table 48. Irradiated Soil Series Normalized Field Pesticide Residues in Nanograms for the Ten Day Time Period 
Field Soil-lrradiated-Biocide-CaCh FS-lrradiated-Biocide-Toluene FS-lrradiated-Biocide-Methanol 
A B C A B C A B C 
Trlfluralin ND ND ND 277.1 300.2 362.4 1109.3 922.2 562.0 
Atrazlne 676.5 6236 601.9 1445.3 1490.5 1502.2 917.1 934.8 913.8 
Acetochlor 5.9 3.9 3.4 41.5 56.5 65.1 140,6 169.5 94.0 
Alachlor 583.5 612.5 661.3 3000.9 2956.6 3050.3 1368.4 1214.8 1145.8 
Metolachlor 903.6 954.9 980.4 3895.6 3908.1 3942.2 1534.1 1475.7 1427.6 
Chlorpyrifos 8.0 11.6 10.0 389.9 412.8 493.6 874.2 891.3 558.9 
Cyanazlne 571.8 604.8 577.1 768.4 784.5 815.7 1065.1 1084.5 1076.7 
Field Soil-Biocide-CaCI] Field Soil-Biocide-Toluene Field Soil-Biocide-Methanol 
A B C A B C A B C 
Trlfluralin ND ND ND 320.0 294.3 408.1 717.0 842.6 842.5 
Atrazlne 628.3 598.6 5766 1403.5 1436.2 1457.8 817.8 929.8 847.6 
Acetochlor 4.4 7.5 00 452 43.3 61.0 122.4 137.8 130.2 
Alachlor 564.6 541.3 542 2 25280 2551.3 26472 1108.5 1286.4 1172.8 
Metolachlor 880.4 908.2 865.7 3533 5 3613.2 3688.3 1363.7 1497.2 1504.3 
Chlorpyrifos 10.4 13.1 11.5 410.8 366.8 499.0 799.6 832.0 785.4 
Cyanazlne 511.1 471.9 4354 652 7 692.2 686.3 1014.5 1059.7 1074.9 
Field Soil-No Biocide-CaCb Field Soil-No Biocide •Toluene Field Soil-No Biocide-Methanol 
A B C A B C A B C 
Trlfluralin ND ND ND 349.0 2905 357.9 656.1 623.0 645.5 
Atrazlne 343.4 341.7 320 2 1368.6 1323.0 1412.9 1088.7 1087.2 1134.5 
Acetochlor ND ND ND 25.5 37 1 18.3 140.3 139.9 134.1 
Alachlor 132.6 130.7 1296 1245.4 12426 1167.8 990.8 990.6 1160.6 
Metolachlor 524.6 452.6 436 7 3109.4 2998 5 3015.0 1374.2 1434 9 1542.3 
Chlorpyrifos 5.5 4.7 5.3 434.9 384 3 465.6 690.7 681.6 582.6 
Cyanazlne 251.9 255.0 231.1 551 6 542 1 515.4 1077.4 1071.4 1063.8 
Table 49. Irradiated Soil Series Nomialized Wetland Pesticide Residues in Nanograms for the Ten Day Time Period 
Wetland Soil-lrradiated-Biocide-CaCh WS-I rradiated- Biocide-Toluene W S-1 rrad iated- B ioc ide- Methanol 
A B C A B C A B C 
Trlfluralin ND ND ND 377.3 240.0 322.2 425.5 403.4 389.8 
Atrazlne 334.7 335.0 323.0 1401.5 1343.1 1426.6 1156.1 1174.8 1186.0 
Alachlor 288.8 311.0 327.5 1803 4 1817.0 1961.7 660.8 793.1 690.1 
Metolachlor 482.8 512.2 509.2 2918 2 2926.4 3147.6 1369.9 1520.0 1409.4 
Chlorpyrifos 8.5 7.9 8.2 4369 300.5 384.7 563.9 689,5 644.2 
Cyanazlne 328.1 344.3 315.4 556.0 563.0 600.9 1460.2 1503.0 1537.2 
Wetland Soil-Biocide-CaCI] Wetland Soil-Biocide-Toluene Wetland Soil-Biocide-Methanol 
A B C A B C A B C 
Trlfluralin ND ND ND 159 7 192.3 155.4 403.3 368.0 289.2 
Atrazlne 257.4 265.0 155.0 1124 0 1214.3 1164.2 1168.8 1070.8 1297.6 
Alachlor 153.1 160.6 109.8 1187 5 1293.4 1212.0 730.0 739.2 826.0 
Metolachlor 378.8 400.8 258.7 2492.7 2698.9 2582.8 1800.2 1605.2 1945.9 
Chlorpyrifos 3.2 3.2 3.5 204 7 244.2 194.5 759.0 729.0 743.3 
Cyanazlne 251.6 291.7 169.7 4782 499.4 453.1 1316.5 1265.1 1548.6 
Wetland Soil-No Biocide-CaCI] WS-No Biocide-Toluene WS-No Biocide-Methanol 
A B C A B C A B C 
Trlfluralin ND ND ND 125.5 138.6 124.2 365.0 273.9 283.1 
Atrazlne 150.9 171.2 237.1 1049.5 1044.2 1058.0 1170.9 1100.9 1294.7 
Alachlor 117.0 114.3 167.3 1096.4 1089.3 1015.8 777.5 716.1 803.1 
Metolachlor 278.4 308.4 385.7 2443.8 2369.1 2361.8 1741.7 1727.7 1904.9 
Chlorpyrifos 3.9 3.7 32 192.1 212.5 200.3 767.9 699.4 798.3 
Cyanazlne 158.5 1896 272.2 417 8 357.4 401.9 1337.3 1242.1 1481.6 
Table 50. Irradiated Soil Series Normalized Field Pesticide Residues in Nanograms for the Twenty Day Time Period 
Field Soil-lrradiated-Biocide-CaCh FS-Irradiated-Biocide-Toluene FS-lrradiated-Biocide-Methanol 
A B C  A B C  A B C  
Trlfluralin ND ND ND 259.7 289.2 319.1 922.2 1048.0 864.2 
Atrazlne 514.0 528.7 540.6 1109.5 1132.5 1148.6 854.5 871.1 841.1 
Alachlor 657.8 688 7 659.8 2544.3 2635.9 2602.9 1487.4 1477.1 1427.0 
Metolachlor 981.9 1045.2 993.7 3400.9 3503.0 3540.6 1668.0 1707.8 1651.3 
Chlorpyrifos 10.2 10.2 9.0 366.2 413.5 442.2 927.8 918.8 932.1 
Cyanazlne 331.5 361.7 397.4 591.5 585.1 580.1 781.0 842.4 804.8 
Field Soil -Biocide-CaCh Field Soil-Biocide-Toluene Field Soil-Biocide-Methanol 
A B C A B C A B C 
Trlfluralin ND ND ND 338 1 313.5 342.1 1008.0 798.8 870.9 
Atrazlne 448.7 427.6 430.0 1133.0 1189 9 1237.4 807.2 765.6 823.5 
Alachlor 498.7 517.4 4997 2462 2 2457.7 2482.0 1280.0 1240.5 1283.0 
Metolachlor 878.8 841.3 813.2 3499.9 3501 1 3565.0 1638.1 1619.8 1585.3 
Chlorpyrifos 9.8 106 10.3 4732 423 5 439.0 828.9 826.4 900.8 
Cyanazlne 327.0 3252 3174 557.8 567.2 607.3 805.2 737.5 823.3 
Field Soil-No Biocide-CaCb Field Soil-No Biocide Toluene Field Soil-No Biocide-Methanol 
A B C A B C A B C 
Trlfluralin ND ND ND 315.7 254.5 34.4 807.4 710.3 321.5 
Atrazlne 186.4 183.6 319.2 1212.2 1174.3 964.8 1036.5 1014.6 899.3 
Alachlor 80.7 74.1 272 7 618.4 691.8 1355.5 933.6 964.4 1048.6 
Metolachlor 382.9 374.4 793.0 2246.0 2319.2 2756.7 1536.2 1541.1 1684.5 
Chlorpyrifos 9.9 8.2 12.3 355.9 317 3 491.4 694.5 738.4 693.8 
Cyanazlne 49.7 113.0 254.5 370 8 371.3 426.6 723.3 676.1 758.1 
Table SI. Irradiated Soil Series Nomialized Wetland Pesticide Residues in Nanograms for the Twenty Day Time Period 
Wetland Soil-lrradiated-Biocide-CaCb WS-lrradiated-Biocide-Toluene WS-lrradiated-Biocide-Methanol 
A B C A B C A B C 
Trlfluralin ND ND ND 179.4 176.4 173.6 855.4 458.3 354.0 
Atrazlne 303.4 284.9 264 6 1145.5 1069.4 1048.8 1199.3 1209.9 1171.1 
Alachlor 270.5 245.9 238.8 1708.1 1620.3 1524.8 889.6 856.5 866.4 
Metolachlor 496.9 436.8 425.1 2916.4 2733.4 2569.6 1904.8 1894.6 1821.4 
Chlorpyrifos 7.1 6.8 6.3 248 7 235 2 224 5 1033.8 870.1 774.8 
Cyanazlne 325.8 263.0 2728 436.7 416.7 394.4 1335.5 1460.8 1393.9 
Wetland Soil-Biocide-CaCb Wetland Soil-Biocide- Toluene Wetland Soil-Biocide-Methanol 
A B C A B C A B C 
Trlfluralin ND ND ND 186.0 139.2 183.9 216.1 104.0 211.6 
Atrazlne 162.8 153.8 129.2 874.6 8305 916.3 1172.2 1159.2 1248.9 
Alachlor 117.9 118.8 1135 1018.8 964.2 1135.0 693.6 616.6 616.0 
Metolachlor 286.2 290.8 243 9 2333.0 2212.7 2381.9 1836.6 1765.9 1571.3 
Chlorpyrifos 5.9 5.2 59 237 7 204.3 225.6 554.7 468.8 519.7 
Cyanazlne 172.5 159.5 176 4 354.4 356.1 370.9 1400.0 1230.9 1316.1 
Wetland Soil-No Biocide-CaCI] WS-No Biocide- Toluene WS-No Biocide-Methanol 
A B C A B C A B C 
Trlfluralin ND ND ND 199.4 151.3 173.5 186.1 130.4 341.1 
Atrazlne 114.4 104.3 91 5 989 7 755.6 781.9 1330.7 1193.6 1219.5 
Alachlor 93.1 56.5 60.3 1307 3 725.4 751.0 674.9 545.3 581.0 
Metolachlor 231.8 205.6 175.3 2676 9 2068.6 2050.6 1810.7 1548.7 1591.6 
Chlorpyrifos 6.4 5.2 40 257.8 235.6 246 8 524.0 579.0 723.0 
Cyanazlne 99.4 84 9 862 4139 274.4 281.3 1324.0 1227.9 1180.5 
Table 52, Irradiated Soil Series Normalized Field Pesticide Residues in Nanograms for the Thirty Five Day Time Period 
Field Soil-lrradiated-Biocide-CaCh FS-lrradiated-Biocide-Toluene FS-Irradialed-Biocide- Methanol 
A B C A B C A B C 
Trlfluralin ND ND ND 240.8 2357 309.1 688.5 448.4 567.1 
Atrazlne 391.5 410.8 399.6 795.4 826.2 791.5 834.3 830.4 735.1 
Alachlor 556.9 577.3 549.2 2258.2 2105.6 2142.6 1842.5 1811.4 1622.1 
Metolachlor 879.4 933.2 852.7 3255.8 3050.0 3145.9 2086.4 2061.6 1835.4 
Chlorpyrifos 8.1 8.5 7.0 319.5 315.8 412.6 907.3 817.1 755.7 
Cyanazlne 3472 380.2 356.1 421.2 384.5 388.1 747.5 795.7 738.4 
Field Soil-Biocide-CaCh Field Soil-Biocide-Toluene Field Soil-Biocide-Methanol 
A B C A B C A B C 
Trlfluralin ND ND ND 286.2 266.2 278.6 599.9 567.9 575.3 
Atrazlne 325.8 325.7 307.0 794.6 774.7 760.5 858.3 846.6 892.1 
Alachlor 472,8 451 1 412.8 1916.0 1865.4 1873.0 1662.0 1658.2 1727.4 
Metolachlor 791.5 791.8 757 1 3024.3 2974.1 2983.6 2058.2 2018.5 2083.9 
Chlorpyrifos 8.0 6.8 7.0 343.6 310.5 334.9 796.9 791.9 834.4 
Cyanazlne 271.1 259.3 266.6 342.6 338.4 373.7 773.1 748.1 814.1 
Field Soil-No Biocide-C aCh Field Soil-No Biocide •Toluene Field Soil-No Biocide-Methanol 
A B C A B C A B C 
Trlfluralin ND ND ND 272.1 267 7 284.4 430.0 396.8 350.8 
Atrazlne 157.6 137.2 140.0 717.2 676.0 669.0 996.3 1049.8 1049.4 
Alachlor ND ND ND 206.9 196.6 2070 919.4 995.9 1064.2 
Metolachlor 256.2 218.8 246.9 1523.4 1374.6 1488.9 1620.1 1649.1 1724.6 
Chlorpyrifos 2.9 3.4 3.5 249.4 204 8 279.5 568.4 513.4 534.2 
Cyanazlne 52.0 50.5 76 1 92.2 124.2 95.5 534.5 542.3 562.8 
Table 53. Irradiated Soil Series Normalized Wetland Pesticide Residues in Nanograms for the for the Thirty Five Day Time Period 
Wetland Soil-1rradiated-Biocide-CaCh WS-lrradiated-Biocide-Toluene WS-1rradiated-Biocide-Methanol 
A B C A B C A B C 
Trlfluralin ND ND ND 164.2 166.0 186.1 471.8 452.8 483.4 
Atrazlne 199.1 227.7 204.9 898.6 907.5 981.5 999.8 1011.0 1110.2 
Alachlor 204.4 185.2 188.6 1364.5 1289.9 1480.7 760.6 744.0 784.7 
Metolachlor 377.7 439.9 365.1 2443.4 2470.3 2684.5 1665.1 1679.7 1788.8 
Chlorpyrifos 3.4 6.7 5.4 2005 205.7 238.9 791.6 751.4 839.2 
Cyanazlne 175.1 211.8 168.9 344.6 387.3 359.9 1110.2 1169.6 1292.0 
Wetland Soil-Biocide-CaCI] Wetland Soil-Biocide- Toluene Wetland Soil-Biocide-Methanol 
A B C A B C A B C 
Trlfluralin ND ND ND 179.9 188.8 204.5 370.0 311.7 295,8 
Atrazlne 100.5 107.7 98.6 682.4 672.9 631.8 1405.5 1326.2 1246.3 
Alachlor 51.2 47.4 49.7 615.6 656.1 565.9 857.7 799.3 713.0 
Metolachlor 181.6 218.3 204.6 1630.6 1760.5 1659.8 2207.5 2029.5 1952.0 
Chlorpyrifos 4.2 4.9 4 7 206.9 223.3 239.1 746.6 657.3 646.5 
Cyanazlne 72.2 802 88.6 260.6 299.7 204.5 1530.0 1451.1 1350.5 
Wetland Soil-No Biocide-CaCh WS-No Biocide- Toluene WS-No Biocide-Methanol 
A B C A B C A B C 
Trlfluralin ND ND ND 124.5 134.6 116.0 340.2 249.2 256.5 
Atrazlne 82.6 79.1 81.8 526 5 552.2 532.9 1376.1 1187.4 1261.3 
Alachlor 29.5 28.8 44.5 371.5 404.8 391.9 705.4 621.0 721.0 
Metolachlor 149.8 140.6 165.2 1298.9 1319.0 1312.2 2074.8 1781.2 1970.7 
Chlorpyrifos 3.5 3.9 57 169.1 172.4 149.7 813.2 606.9 610.7 
Cyanazlne 58.6 452 51.7 159.7 182.2 175.6 1344.5 1193.3 1091.2 
Table 54, Irradiated Soil Series Nomialized Field Pesticide Residues in Nanograms for the Sixty Day Time Period 
Field Soil-lrradiated-Biocide-CaCh FS-lrradiated-Biocide-Toluene FS-Irradiated-Biocide-Methanol 
A B C  A B C  A B C  
Trlfluralin ND ND ND 381.3 326.0 297.0 202.3 288.4 310.1 
Atrazlne 267.2 261.1 350.0 612.4 805.4 540.8 597.0 574.4 563.5 
Acetochlor ND ND ND ND ND ND ND ND ND 
Alachlor 430.4 464.4 525.3 1932.3 2315.2 1840.5 1175.5 1098.5 1011.6 
Metolachlor 751.9 718.3 845.7 2621.2 3227.5 2577.5 1305.1 1321.3 1209.0 
Chlorpyrifos 12.3 7.7 10.2 428.3 389.8 354.1 489.0 551.6 606.7 
Cyanazlne 279.1 193.9 208.7 316.5 346.3 252.7 553.9 522.1 542.2 
Field Soil-Biocide-CaCI] Field Soil-Biocide-Toluene Field Soil-Biocide-Methanol 
A B C A B C A B C 
Trlfluralin ND ND ND 2365 202.2 379.0 268.7 138.1 206.2 
Atrazlne 121.0 117.4 97.1 637 2 596.2 620.9 623.3 666.3 663.9 
Acetochlor ND ND ND ND ND ND ND ND ND 
Alachlor 346,1 2424 206.8 2038 1 1640.0 1613.0 1024.5 1090.6 1030.3 
Metolachlor 581.6 566.7 473.1 3033.2 2653.2 2725.2 1331.8 1331.2 1255.6 
Chlorpyrifos 4.1 4.8 4.3 359 3 317.9 458.8 681.4 470.1 544.5 
Cyanazlne 118.0 95.0 96.9 249.0 266.3 245.9 479.6 543.6 545.0 
Field Soil-No Biocide-CaCh Field Soil-No Biocide-•Toluene Field Soil-No Biocide-Melhanol 
A B C A B C A B C 
Trlfluralin ND ND ND 287.9 158.1 318.4 197.9 114.0 174.2 
Atrazlne 72.4 35.4 43.5 505.3 459.9 590.7 906.6 851 1 899.0 
Acetochlor ND ND ND ND ND ND ND ND ND 
Alachlor ND ND ND 308.3 3454 300.0 659.2 582 1 643.2 
Metolachlor 86.6 125.0 81 2 982 2 1022 8 1105.3 956.4 8944 1043.1 
Chlorpyrifos ND 3.5 16 193 2 183 1 258 8 345 8 367 1 372.8 
Cyanazlne ND ND ND 50.3 558 64.3 343 0 3763 353.9 
Table 55, Irradiated Soil Series Normalized Wetland Pesticide Residues in Nanograms for the Sixty Day Time Period 
Wetland Soil-lrradiated-Biocide-CaCh WS-lrradiated-Biocide-Toluene WS-lrradiated-Biocide-Methanol 
A B C A B C A B C 
Trlfluralin ND ND ND 49.6 53.4 59.9 186.8 159.9 168.6 
Atrazlne 192.4 147.7 1879 347.2 332.6 371.1 902.9 826.1 868.3 
Alachlor 122.2 96.7 121 8 383.5 375.1 404.0 681.6 581.7 628.2 
Metolachlor 244.8 212.7 2505 1467.0 1462.8 1534.4 1660.2 1435.9 1467.4 
Chlorpyrifos 3.0 3.6 3 3 76.4 76.4 85.9 470.2 411.8 439.4 
Cyanazlne 176.0 242.7 246.5 214.0 220.3 201.5 1098.9 1060.2 1187.1 
Wetland Soil-Biocide-CaCI] Wetland Soil-Biocide-Toluene Wetland Soil-Biocide-Methanol 
A B C A B C A B C 
Trlfluralin ND ND ND 72.5 127.0 140.9 126.7 154.3 120.1 
Atrazlne 72 0 72 1 99.1 511 3 630.8 635.7 872.6 1026.8 961.1 
Alachlor ND ND ND 248 2 279.5 377.1 322.5 377.2 364.1 
Metolachlor 83 7 88.1 109.6 965 3 1213.5 1505.8 1089.2 1321.2 1175.2 
Chlorpyrifos 4.2 4.6 4.4 122 5 180.3 200.2 440.5 476 1 413.2 
Cyanazlne 68.2 64.4 98.6 163.1 224.8 315.6 1081.8 1184.9 1183.0 
Wetland Soil-No Biocide-CaCh WS-No Biocide-Toluene WS-No Biocide-Melhanol 
A B C A B C A B C 
Trlfluralin ND ND ND 136.8 1252 99.9 128.5 142 9 145.3 
Atrazlne 89.2 62 3 54.1 594.4 561.2 595.3 991.6 1076 6 899.3 
Alachlor ND ND ND 318 1 342.3 275.1 362.9 342 9 291.4 
Metolachlor 79.4 75.4 78.2 1476.6 1346.1 1147.5 1249.6 1204.4 1045.0 
Chlorpyrifos 4.5 3.6 3 3 2244 175.4 138.5 417.0 456.4 470.8 
Cyanazlne 117.3 49.3 94.7 2824 274 7 237 0 1018.6 977 7 845.7 
Table 56. F.xtractable and Bound Fraction Isotherms in Field Soil for Concentration Levels I through 4 
Level I-Field Soil-lsotherm-CaC'h Level I -FSoil-lsotherm Toluene Level I -FSoil-lsotherin-MeOH 
A B C A B C A B C 
Trlfluralin ND ND ND 50.5 55.5 572 89.8 102.1 85.7 
Atrazlne 238.9 212.1 230.1 525.7 512.5 529.6 617.1 532.7 529.9 
Alachlor 290.1 288.5 281.7 1426.4 1463.6 1483.9 776.7 747.5 755.2 
Metolachlor 266.7 272.0 245.4 978.9 938.2 1004.7 680.2 713.9 756.2 
Chlorpyrifos 3.2 3.0 3.1 67.0 65.1 70.1 176.0 182.2 168.2 
Cyanazlne 207.6 187.9 214.6 599.9 626.2 545.3 355.4 287.8 293.5 
Level 2-Field Soil-lsotherm-CaCI] Level 2-FSoil--Isotherm-Toluene Level 2-FSoil-lsotherm -MeOH 
A B C A B C A B C 
Trlfluralin ND ND ND 86.1 86.5 103.9 256.7 205.4 216.4 
Atrazlne 495.4 534.4 550.7 909.4 958.3 976.8 628.3 651.3 679.6 
Alachlor 490.0 500.6 5259 2079.4 2193.4 2184.7 774.5 757.3 795.8 
Metolachlor 447.6 523.8 595.8 1722.1 1645.8 1835.5 944.6 847.5 890.8 
Chlorpyrifos 5.2 6.2 5.6 109.9 121.3 147.1 385.7 325.8 342.0 
Cyanazlne 527.6 526.2 501.7 1178.9 1193.7 1245.2 504.9 482.6 521.9 
Level 3-Field Soil-lsotherm-CaCb Level 3-FSoil- Isotherm-Toluene Level 3-FSoil-lsotherm -MeOH 
A B C A B C A B C 
Trlfluralin 10.8 11.6 9.4 158.9 135.5 134.2 372.6 306.4 319.8 
Atrazlne 930.8 817.7 954.1 1955.1 1715.8 1763.3 749.1 714.8 654.2 
Alachlor 824.5 821.1 834.1 3306.5 2765.3 2895.2 888.3 871.2 876.1 
Metolachlor 913.5 777.8 857.4 2952.9 2808 5 2723.2 800.3 829.6 816.7 
Chlorpyrifos 8.5 8.3 7.3 219.8 184.7 195.7 581.7 536.6 551.6 
Cyanazlne 994.6 997.9 949 9 2210.3 1935.1 2063.1 750.6 710.4 704.7 
Level 4-Field Soil-lsotherm-CaCh Level 4-FSoil- Isotherm- loluene Level 4-FSoil-lsotherm -MeOH 
A B C A B C A B C 
Trlfluralin 16.9 15.2 15.3 300.0 383.6 303.5 802.8 663.4 593.7 
Atrazlne 1851.2 1833.2 1687.7 3629.4 3602.8 3358.9 985.2 843.6 924.6 
Alachlor 1694.1 1574.8 1455.4 5450.3 5586 2 5385.4 1106.9 860.3 1069.9 
Metolachlor 1815.0 1699.4 1480.3 54452 56684 5240.2 1185.6 1100 0 973.8 
Chlorpyrifos 20.6 17.3 14.1 409.9 481.3 417.4 1201.9 1090.7 899.9 
Cyanazlne 1854.6 1856.5 1737 9 3555.1 4279 5 3991.2 1288 9 1323.5 1305.8 
Table 57. Extractable and Bound Fraction Isotherms in Field Soil for Concentration Levels 5 through 7 
Level 5-Field Soil-lsotherm-CaCb Level 5-FSoil-lsotherm-Toluene Level 5-FSoil-lsotherm-MeOH 
A B C A B C A B C 
Trlfluralin 256.9 210.0 270.7 3251.2 2884.5 3419.3 3375.7 2941.8 2672.0 
Atrazlne 19205.1 17188.3 18146.3 32819.7 28609.3 32343.4 5043.6 4425.9 5072.9 
Alachlor 13216.2 11744.7 12266.7 38197.7 33470.2 37223 2968.8 2447.5 2806.9 
Metolachlor 9252.6 8036.5 8604.3 26964 6 23666.8 26403.6 2606.4 2181.1 2329.1 
Chlorpyrifos 266.5 219.8 263.9 4486.2 4030.2 4883.2 10659.4 8585.6 9734.2 
Cyanazlne 19283.0 16969.0 19357.0 33244 29013.2 33841.2 10877.2 9674.5 11234.5 
Level 6-Field Soil-lsotherm-CaCb Level 6-FSoil-lsotherm-Toluene Level 6-FSoil-lsotherm-MeOH 
A B C A B C A B C 
Trlfluralin 413.2 430.6 465.2 6005 5 6911.4 6915.3 6532.5 7025.5 7249.9 
Atrazlne 374443 37660.0 40580.1 56898.9 59287.6 61292.2 7190.2 7907.2 7892.4 
Alachlor 24511.8 24427.2 26488 7 67306.4 69235.9 71980.5 3889.2 4228.3 4008.5 
Metolachlor 17269.9 17236.9 18782.5 48062.9 49445 51709.9 3437.4 3617.7 3514.8 
Chlorpyrifos 448.3 456.6 474.7 8275.1 9484.7 9624.4 17844.3 19836.7 19223.5 
Cyanazlne 39054.2 39196 7 42028.9 56195.5 58880.7 60974.5 16104.4 17527.5 17771.3 
Level 7-Field Soil-lsotherm-CaCb Level 7-FSoil-lsotherm- loluene Level 7-FSoil-lsotherm-MeOH 
A B C A B C A B C 
Trlfluralin 826 1 764.6 877.1 10514.3 10558.8 11375.3 13977.3 13937.9 12879.4 
Atrazlne 74754.5 77455.6 791050 104224 105165.4 106977.2 12953.8 13252.6 13022.2 
Alachlor 499086 51451.0 522498 126803.5 127523.7 130403.6 7473.9 7373.5 7118.7 
Metolachlor 34864 6 36522.3 37129.1 90763.5 90886.7 93500.1 6404.8 6184.2 6085.2 
Chlorpyrifos 868 3 8254 876 0 14625 14679.1 15792.6 37501.4 35795.7 33882.9 
Cyanazlne 72844 1 761597 77836 2 101201.3 102141 8 103982.4 27627.8 29093.4 28806.3 
Table 58. Concentrations of Pesticides in the Water Column of Wetland Microcosms with Time 
Concentration in Water, ng/ml Concentration in Water, ng/ml 
Trlfluralin A B C Metalochlor A B C 
0 Hr 8.21 8.45 8.28 0 Hr 41.74 38.62 42.20 
2 Hr 5.21 5.45 4.78 2 Hr 31.59 26.76 42.17 
5 Hr 1 46 1.61 3.99 5 Hr 28.64 21.12 35.60 
10 Hr 0.92 0.87 1.97 10 Hr 24.54 18.67 32.71 
25 Hr 0.15 0.20 1.24 25 Hr 21.83 14.40 29.81 
50 Hr <0.1 <0.1 <0.1 50 Hr 16.94 10.63 25.14 
Concentration in Water, ng/ml Concentration in Water, ng/ml 
Atrazlne A B C Chlorpyrifos A B C 
0 Hr 32.64 27.45 26.51 0 Hr 10.59 10.58 10.12 
2 Hr 21.35 22.14 25.70 2 Hr 4.59 4.58 4.12 
5 Hr 19.53 17.38 23.51 5 Hr 1.28 1.61 3.46 
10 Hr 18.57 15.68 21.48 10 Hr 0.94 0.64 1.95 
25 Hr 16.16 12.67 19.76 25 Hr 0.61 0.32 1.60 
50 Hr 12.94 10.56 16.15 50 Hr 0.44 0.27 1.10 
Concentration in Water, ng/ml Concentration in Water, ng/ml 
Alachlor A B C Cyanazlne A B C 
0 Hr 28.84 29.92 30 66 0 Hr 17.03 17.75 19.01 
2 Hr 20.90 20.45 29.36 2 Hr 15.72 17.05 18.59 
5 Hr 16.67 10.18 22.63 5 Hr 14.25 13.07 16.68 
10 Hr 13.23 6.48 19.77 10 Hr 13.80 11.62 16.17 
25 Hr 7.92 2.39 15.51 25 Hr 11.55 9.18 14.18 
50 Hr 3.21 0.70 10.68 50 Hr 9.40 7.54 11.13 
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